The effect of temperature on protein metabolism and antioxidant activity in the spotted wolffish, Anarhichas minor by Lamarre, Simon G.



The effect of temperature on protein 
metabolism and antioxidant activity in 
the spotted wolffish, Anarhichas minor. 
Simon G. Lamarre 
Department of Biology 
Memorial University 
A thesis submitted to the School of Graduate Studies in partial 
fulfilment of the requirements for the degree of 
Philosophire Doctor (PhD) 
December 22, 2009 
-- ··------------------------------
Abstract 
Temperature has profound effects on the rate of physiological pro-
cesses in ectothermic vertebrates. Protein metabolism is no exception 
and t he effects of temperature have mostly been studied with respect 
to protein synthesis. Temperature generally has a parabolic effect 
on protein synthesis with a maximum rate being observed at optimal 
growth temperature. The effect of temperature on protein degrada-
tion is poorly understood. The 208 proteasome is mainly responsible 
for the degradation of short-lived and oxidatively modified proteins. 
It has been recently identified as a potentially good proxy for protein 
degradation in fish. 
In the first experiment, the relationships between the rate of protein 
synthesis, 208 proteasome activity, oxidative stress markers and an-
tioxidant capacity in white muscle of juvenile spotted wolffish (A nar-h-
ichas minor) acclimated at three temperatures ( 4, 8 and 12 °C) were 
examined. The rate of protein synthesis was lower at 4 oc than at 8 
°C while it was intermediate at 12 °C. Despite the decrease in protein 
synthesis at low temperature, 208 proteasomc activity was maintained 
at a high level, reaching 130% of that of fish acclimated at 8 oc when 
measured at a common temperature. The oxidative stress markers 
TBAR8 and carbonyl-protein content did not change amongst tem-
perature groups, but the concentration of reduced glutathione wai:i 
higher in cold acclimated fish suggesting a higher antioxidant capac-
ity in this group . The data suggest tha t lower growth rate at cold 
t;cmperatures results from both high 208 proteasome activity and a 
reduced rate of protein synthesis. 
In a second experiment, the relationship between specific growth rate 
(8GR) and 208 proteasomc activity in heart ventricle, liver and white 
rnui:icle was assessed in fish acclimated at 4 and 12 ac in order to deter-
mine if protein degradation via the proteasorne pathway could impose 
a limitation on somatic growth in fish of weight rrtnging from 150 to 
1500 g in mass. The data show that white muscle 208 proteasome 
activity is negatively correlated to SGR (part ial Peari:ion's r = -0.609) 
in white muscle at the cold acclimat ion temperature (4 °C) but not 
a t 12 ac or heart and liver at either temperature. Contrary to the 
first experiment, the white muscle 208 proteasome activity was not 
higher in the group acclimated at 4 °C. This observation suggests that 
the effect of temperature on protein degradation may change during 
fish ontogeny. Nevertheless, the results from the first two experiments 
suggest that interindividual variation of 208 proteasome activity has 
an irnpa.ct on 8GR. 
The third part of this study documents the effects of acclimation to 
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high and low temperature ( 4 and 12 oc) on mitochondrial and antiox-
idant capacities in white muscle, heart ventricle and liver of spotted 
wolffish. Following an acclimation period of 51 days, mitochondrial 
capacity was mea.c:;ured a.c:; the activities of the Complex I of the mi-
tochondrial electron transport system (CPLXI) and citrate synthase 
(CS). Glutathione disulfide reductase (GR) and catalase (CAT) ac-
tivitieB as well ru:; glutathione concentration were also rncw:mn.:d to 
estimate antioxidant capacities. Following acclimation to 4 °C, mito-
chondrial capacities were compensated in liver and heart ventricle but 
not in white muscle. GR activity was increased at cold temperature 
in the three tissues while CAT activity was increased at the higher 
acclimation temperature in heart and white muscle. The relation-
ships between mitochondrial and antioxidant enzyme activities, when 
observed, were always positive. In white muscle only, the activity of 
208 proteasome was positively related to the complex I (r2 = 0.450) 
and to CS (r2 = 0.4.11) activities. Also, only in white muscle, positive 
relationships were observed between 208 proteasome, CAT and GSH 
(only at 12 °C for the latter) activities. These results suggest a con-
nection between mitochondrial capacity and protein degradation by 
the 208 proteasome but whether or not this link is mediated by the 
necessity to degrade protein oxidatively modified by mitochondrial 
ROS production remains an open question. 
A supplementary section presents a simple method devised to measure 
the fractional rate of protein synthesis in fish using the stable isotope 
labelled tracer (ring-D5L-phcnylalaninc) instead of radioactive pheny-
lalanine. The method takes advantage of the increasingly available 
technology of liquid chromatography with tandem mass spectrometry 
detection (LC-rviSMS). The technique was validated by measuring 
the fractional rate of protein synthesis in the gills of goldfish (Car-ras-
sius aumtus). The modified technique requires fewer steps compared 
to previously available procedures and allows studies on fish protein 
mctF1bolism to be carried out in situations where the usc of radioac-
tivity is not possible such as in free living animals. 
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1 
Introduction and overview 
1.1 Growth and protein metabolism 
The ultimate goal of most living organisms is to pass on their genes. To achieve 
this, animals have to reach a minimal body size that makes it possible for them 
to reproduce. As a consequence, growth is a fundamental process in virtually 
all living animals. Faster growth rate is associated with reduced probabilities of 
predation, therefore, positively correlating with fitness. In aquaculture, growth 
is of paramount importance given that the costs of production arc directly re-
lated to the t ime and quantity of feed needed for the fish to reach commercial size. 
In general, growth is evaluated in terms of weight gain and any weight gain is 
often interpreted as growth. This wrongly a.<;sumes that tissue composition is con-
stant and any weight increase is made in an organized way. Tissue composition 
may vary according to physiological condition, and thus weight increase is not 
necessarily representative of an increased amount of organized matter ( Jobling, 
1 
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1994). Growth should be defined as an increase in energy rontent of an organism 
(Winberg, 1960) and in these terms, ingested energy that is neither lost as fae-
cal or excretory products, nor used for energy production, is available for growth 
(.Jobling, 1994). From this, the growth rate of animals is indeed highly dependent 
on food intake but also their ability to channel the food energy into growth. This 
is particularly important for the aquaculture industry as it is directly related to 
the a.mount. of feed necessary to bring a. stock of fish to commen.:ial size. This is 
also important for fisheries and aquatic ecology in the modeling of energy fluxes 
within an ecosystem. 
In a recent review, Fraser and Rogers (2007) estimated the cost of synthe-
sising the body components of the Antarctic teleost Notothenia coriicep. Of 
that cost, proteins represent about 98% of the total energy needed and this es-
timate assumes a protein retention efficiency of 100%, which neg! ·cts protein 
turnover thus even 98% may be an underestimation. Accordingly, in the study 
of physiological processes of growth, processes involved in protein metabolism 
are of foremost importance. In all living organisms, cellular proteins are in a 
constant state of renewal. Animals arc producing soft tissues by synthesising 
protein and retaining a proportion for growth, with the remainder being de-
graded (Fraser and Rogers, 2007) . Protein metabolism refers to the inter-related 
processes of protein synthesis, degradation and growth. The incessant cycle of 
protein synthesis and protein breakdown is referred to as protein turnover. More 
specifically, protein turnover refers to the cycle of intracellular proteins being 
hydrolysed to their component amino acids and replaced by an equal amount 
of freshly synthesized protein (Hawkins, 1991). Positive growth occurs when the 
2 
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rates of synthesis and deposition surpass the rate of degradation and in that case, 
protein turnover equateB the rate of protein degradation. Conversely, in the case 
of negative growth, protein turnover is equivalent to the rate of protein synthesiB 
(Hawkins, 1991; Sugden and Fuller, 1991; Houlihan el al., 1995). 
There are a wide range of factors affecting growth: tempera ture, feeding 
regime, nutrition, hetcrozygocity and Bocial intcractionB (Jobling, 1994). These 
factors either have a direct or indirect effect on protein synthesis, protein degra-
dation or both. Therefore, to understand the underlying processes controlling 
growth, it is important to understand separately protein synthesis, degradation 
and growth (Fraser and Rogers, 2007). 
1.2 Protein synthesis 
Protein synthesis is the process by which messenger R lA (mRNA) templates 
arc read by the ribosome, and translated into pcptides composed of amino acidB. 
The translation of mRNA into protein can be divided into four steps that arc 
tightly choreographed: initiat·ion, when the start codon of the template mRNA is 
identified and the two ribosomal subunits form the fnnr.tional 708 ribosome; elon-
gation, during which the amino acids a.re condensed into a peptide chain in the 
sequence read from the mRNA template; termination, when the reading frame 
of the 708 ribosome reaches the termination codon, the freshly formed peptide is 
released and the two ribosomal subunits separate; post-tmnslational processing, 
when specific enzymes remove the initiating residue and signal sequences, mod-
ify the terminal residue, attach phosphate, methyl, carboxyl, carbohydrates or 
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prosthetic groups (Nelson and Cox, 2005). With regards to understanding the 
underlying processes of protein metabolism, the rate of protein synthesis ha,~:; re-
ceived by far the most attention in the study of several intrint>ic (species, weight., 
exercise, ontogenetic stage, nutritional condition, heterozygocity) and extrinsic 
parameters (temperature, seasonality, pollutants, oxygen and salinity) (reviewed 
in Carter and Houlihan, 2001 ; Fraser and Rogers, 2007). This is not surprising 
since in the study of growth, the "construction" phase, is likely to control most of 
the process. This also reflects the relative simplicity by which the rate of protein 
synthesis is measured in comparison to protein degradation. Despite the number, 
and the complexity of the chemical reactions invol vcd in protein synthesis, the 
mea:surement of the rate of protein synthesis is greatly simplified by the fact that 
proteins arc only synthesised via a single process. The vast majority of studies 
on fish use the flooding dose technique developed by Garlick et al. (1980) for 
small mammals. This technique measures the incorporation of a labelled amino 
acid into protein. Despite being relatively simple, this technique generally uses 
radioactive tracers which make it mostly unusable in commercial aquaculture fa-
cilities or the natural environment. The supplemental section introduces a simple 
modification of this technique using a denterium labelled amino acid instead of 
the radioactive tritium, thus circumventing radiation safety issues. 
1.3 Protein degradation 
Although little is known about the importance of protein degradation , strong in-
dications that it is a very important process in determining growth can be found 
in the literature (Houlihan et al. , 1995; Dobly et al. , 2004; F\'aser and Rogers, 
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2007). In animals, three major systems are responsible for protein degradation: 
the lysosomal cathepsins, the ubiquiLin-proteaHome system and the calpain sys-
tem. 
1.3.1 Lysosomal protein degradation 
The lysosomal system is confined within the lysosome; a small membrane bound 
organelle containing acid protcases that degrades any proteins thai arc brought 
in via autophagy. Proteolytic enzymes are mainly cathepsins (cysteine pro teases) 
that are activated by the low pH prevailing in the lysosome. Cathepsins arc 
ubiquitous lysosomal proteases that arc classified according to their active site. 
Structural differences betwecm various cathepsins result in variations in their sub-
strate speeificity and mechanism of action. Several forms of cathepsin exist with 
B, D and L being the most common forms in fish lysosomes (Aoki el al., 2000). 
Cathcpsins play an important role in the turnover of extracellular proteins that 
are imported into the lysosomes via endocytosis. In fish, cathep .. ins seem to 
play an important role in the recruitment of proteins as energy substrate in pe-
riod~:> of food deprivation (Martin et al., 2001; Guderley et al., 2003; Momm~:>en, 
2004; Salem et al., 2007). This phenomenon contrasts with the finding that in 
higher vertebrates, it is the proteasome pathway that is up-regulated during food 
shortage (Martin et al., 2002; Fraser and Rogers, 2007). 
1.3.2 The calpain system 
The calpain system is composed of two enzymes, J.L-calpain and m-calpain, and 
their specific inhibitor calpastatin (Goll el al., 2003). The ca.lpain system appears 
5 
1.3 Protein degradation 
to be specific to skdetal rnusd<' and is principally involved in the separation of 
the surface proteins of the myofibrils without impairing fibril integrity (Goll ct 
al., 1998). This mechanism would leave functionally intact myofibrils and the 
released myofilament could either be reassembled back on the myofibril or be 
degraded by the proteasome or lysosomal system (Delbarrc-Ladrat et al. , 2004) . 
The calpastatin inhibitory activity is increased following the administration of 
,{:i-adrcnergic agonist, suggesting a regulatory role of the inhibitor in Lh' activ-
ity of this protein degradation pathway (Goll et al., 2003). In starved rainbow 
trout (Oncorhynchus my kiss), a down regulation of calpastatin has been reported 
(Salem et al. , 2007), strengthening the idea of the controlling role of this protein. 
During development, calpain activity is also associated with an increased number 
of myoblasts that would result in larger number of muscle nuclei and potentially 
to larger muscle fibres in mature muscle (Goll et al. , 1998) . 
1.3.3 The ubiquitin- proteasome system 
Selective or targeted protein degradation occurs in the proteasome, a la.rge protein 
complex located in the nucleus and cytosol. Selective degradation implies that 
proteins have to be marked for destruction before being degraded. The labelling 
of a protein for degradation is accomplished by covalent attachment of multi-
ple ubiquitin molecules, a highly evolutionary conserved protein. Conjugation of 
ubiquitin to the protein is realized via a three-step cascade mechanism involving 
t hree classes of enzymes, El, E2 and E3. The first two classes are necessary 
to activate and transfer the ubiquitin to the substrate recognised by E3. Then, 
by successively adding activated ubiquitin moieties to the previously conjugated 
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ubiquitin, a polyubiquitin chain is synthesized and eventually recognised by the 
268 protellliome complex. The protellliome degrades polyubiquitinated proteins 
to small pcptides. It is composed of two subcomplcxes: the 208 core particle 
(hereafter called 208 proteasome) that carries the proteolytic activity and the 
198 regulatory particle (RP). The 208 proteasome is a barrel-shaped structure 
composed of four stacked rings with the catalytic activity taking place inside the 
barrel. Each extremity of the 208 proteasornc can be capped by a regulatory 
particle that is responsible for the recognition of the polyubiquitinated substrate. 
After recognition of the degradation signal, the RP unravels the substrate protein 
into the proteolytic chamber of the proteasorne. The unravelling of the substrate 
is an energy consuming process that is driven via ATP hydrolysi;.:;. After degra-
dation of the substrate, short peptides are released, as well as reusable ubiquitin 
(Glickman and Ciechanover, 2002). In starving rainbow trout, the hepatic ac-
tivity of the 208 protcasome was found to decrease, most probably as a result 
of lower protein turnover (Martin el al. , 2002). Dobly et al. (2004) found thaL 
208 proteasome activity is negatively correlated with specific growth rate iu rain-
bow trout liver. In the latter study, the authors were comparing two groups of 
fish, displaying high or low growth efficiency. Fish from the first (high cfficicnry) 
group had a higher growth rate, lower fTactional rate of protein synthesis, higher 
protein deposition efficiency and lower 208 proteasome activity. This study was 
the first to show an inverse relation between the activity of the 208 proteaHome 
and growth. 
7 
1.4 Acclimation to temperature 
1.4 Acclimation to temperature 
Life is found at temperatures ranging from -80 to slightly more than 100°C. Ec-
tothermic vertebrates exploit a wide range of habitats where temperature may 
vary from -2°C in the AnLarctic Lo 44°C in tidewater pooh>. EctoLhennic ani-
mals mainly select their habitat according to how temperature is changing on 
spatial and temporal scales. The spatial scale represents latitude, altitude, :;ub-
tidal vs inLertida.l for marine habitat, etc. On a temporal scale, habitaL :::;elec-
tion may change according Lo season of the year and/ or time of the day. In 
this regard, most ectothermic vertebrates select their preferred temperature via 
seasonal migrations and/or diurnal cycle:::;. Living organi:::;ms arc thus geograph-
ically distributed according to patterns that reflect temperatures prevailing in 
their habitats (Hocha.chka and Somera, 2002). The effects of temperature a.rc 
manifested at every level of biological organization, from molecular motion to 
anim::tl bchavionr. At the molecular level, temperature affects mcrnbrmw fluidity 
(Hazel, 1995), enzyme flexibility and stability, as well as D\TA and RNA stabil-
ity (Somera, 1995; Portner, 2001; Hochachka and Somera, 2002; Somero, 2004) . 
The major consequence of these thermal effects on cellular functions necessitates 
that organisms must , on an evolutionary time scale, be adapted Lo cope wiLh 
environmental temperature. Moreover, most cctothermic organisms experience 
marked daily and seasonal thermal fluctuations, especially eurythermic species 
that repre:::;cnted the vast majority of ectotherrnic species (Portner, 2001). Re-
sponses to thcrma.l changes arc often behavioural, but cetothcrmic organisms also 
demonstrate the capacity to acclimate by adjusting their physiological rates , as 
well as their exact biochemical composition. Acclimation at the cellular level in 
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response to temperature change occurs following alterations in protein concen-
trations, intracellular pH, ion concentrations, and membrane composition, with 
most of these processes controlled at the transcription level (Guderley, 1990; 
Hochachka and Somero, 2002; Guderley, 2004b; Podrabsky and Somcro, 2004). 
When faced with a reduction of temperature, animals can either: 1) passively 
slow down their physiological processes by submitting to Q10 ef[ects; 2) enhance 
the effects of temperature on the rate of physiological proceHses by entering int.o 
metabolic depression; or 3) use compensatory modifications to offset the effects 
of decreased temperature and remain active. 
Compensatory responses, during cold acclimation, include adjustments to 
membrane composition in order to maintain their fluidity and dynamic nature. 
Membrane fluidity is typically adjusted by modifications in the level of unsatura-
tion and the proportion:> of long chain polyunsaturated fatty acids. The dynamic 
nature of membranes is maintained by adjusting the relative content of phos-
pholipids head groups {phosphatidylcholine and phosphatidylethanolamine) such 
that membranes are capable of phase transitions, enabling fu:>ion events associ-
aterl with normal membrane traffic, while being stable enough to prevent these 
processes from occurring in an unregulated fashion (Hazel, 1995). It. is also gener-
ally observed that during acclimation to low temperature there is a concomitant 
increase of mitochondrial volume density (the number and/ or size of mitochondria 
per cell) and/or an increase in mitochondrial cristredensity (reviewed by Guderley 
and St-Pierre, 2002). Both these mechanisms result in enhanced mitochondrial 
activity per gram of tissue at low temperature. Increasing mitochondrial volume 
density has the detrimental effect of reducing the space available for contractile 
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funrtion and thns rednces the pow0.r ontput. of the muscl<' fibres whereas increas-
ing t he cristredensity would not have this negative effect (Guderlcy and St-Pierre, 
2002). 
1.5 Effect of temperature on growth and protein 
metabolism 
Temperature acts as a controlling factor of growth, and is therefore one the most 
significant abiotic factors affecting the physiology and growth of ectothermic ver-
tebrates (Brett, 1979b). In fish, growth rate increases with temperature up to 
its thermal limit, after which it rapidly decreases (Brett, 1979b; McCarthy el 
al. , 1998; McCarthy et al. , 1999; Fraser and Rogers, 2007). In Atlantic wolffish 
(Anar·hichas lupus), McCarthy et al. (1999) showed that the whole body protein 
synthesis increases along with temperature while protein growth is maximized at 
11 oc and decreases thereafter. Whole body protein retention efficiency thus has 
a parabolic relationship with temperature, being maximized a.t optimal growth 
temperature and decreasing at both lower and higher temperature. The same 
trends were reported in white muscle. The effect of temperature on protein syn-
thesis in wolffish contra.sts with earlier work in cod (Gadus moThua) by Foster 
et al. (1992). Overall growth rate and tissue protein synthesis rates were not 
significantly different for cod acclimated at 5 or 15 oc for 40 clays. Interestingly, 
however, in a second study on cod, growth rate and the rate of protein synthesis 
increased with temperature (Treberg et al. , 2005). The difference between these 
studies may be a.':lsociatecl with the feed ration in the two experiments (Fraser 
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ancl Rogers, 2007) . Fish were feel a fixed ration irrespective of temperature in 
Foster et al. (1992) , while fish were fed to satiation in T'reberg et al. (2005). 
Information on the thermal effect on protein degradation in fish is limited, 
with only a few studies measuring the effect of temperature on enzyme activities 
of proteolytic pathways (.Fraser and Rogers , 2007). The scarcity of information 
on the effect of biotic and abiotic factors on protein degrada.t.iou is mainly due l.o 
the multitude of degradation pathways that exist. Moreover, it appears that dif-
ferent pathways may be used preferentially under specific circumstance (Martin 
et al., 2001; Houlihan and Martin, 2002; Martin et al., 2002; Salem et al. , 2006; 
Salem et al., 2007). The majority of data available on protein degradation arc 
estimated by calculating the difference between protein growth and the rate of 
protein synthesis. The problem with this typ ' of estimate is that protein growth 
is measured over weeks while protein synthesis is measured over a few hours. The 
assumption that the rate of protein synthesis measured is representative of the 
protein synthetic activity dming the growing trial is difficult to meet (Fraser and 
Rogers, 2007). 
There is a growing body of evidence coming from the field of tran,criptornics 
that mRNA transcripts of the ubiquitin proteasome pathway are upregulated 
at low tcrnpera.tme. Two studies arc worth mentioning: one on common carp 
( CypTirms carpio )(Gracey et al., 2004) and a second one on the annual killifish 
(Austrofundulus limnaeus) (Podrabsky and Somero, 2004). In both experiments, 
the effect of temperature on the expression levels of thousands of genes was ex-
amined. The ma.jority of transcripts that increased in expression upon cooling 
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arc in agreement with our general understanding of cold acclimation such that 
the organisms compensate for the rate-depressing effects of cold temperature by 
synthesizing more enzymes to increase biochemical performance (Hochachka and 
Somero, 2002). These included genes involved in transcriptional regulation, R A 
splicing, translation , mitochondrial production of ATP, membrane lipid adapta-
tion (such as 6.6-fatty acyl desaturase and polyunsatura ted fatty acid clongasc) , 
and heaL shock protein classes involved in protein stabilization during tempera-
ture stress. Genes involved in ubiquitin-dcpendent protein catabolism and protca-
somal function were also shown to be upregulated in the cold (Gracey et al. , 2004; 
Podrabsky and Somero, 2004) . An upregulation of the genes involved in protein 
degradation at low temperature is surprising since one would intuitively expect 
the expression level of these genes to be down-regulated or at least unchanged 
provided that protein synthesis decreases at lower temperature, as shown by Mc-
Carthy et al. (1999). It would be coherent if protein degradation was regulated 
accordingly. A logical explanation of this upregulation could be that proLcasorrw 
activity is highly thcrmosensitivc and upregulation is necessary to maintain suf-
ficient activity. Information on t he thennosensitivity of proteasome activity in 
vertebrates is scarce, and nonexistent for fish. Indications that proteasome 208 
might be a highly thermosensitive proteolytic enzyme comes from a study on the 
golden-mantled ground squirrel (Spermophilus lateralis). In that study proteol-
ysis at the proteasome level, as a function of assay temperature, showed a very 
steep decrease and very low or no activity below 10 oc (Vclickovska et al. , 2005). 
The upregulat.ion of transcripts from the ubiquitin proteasome pathway might 
then be a consequence of this strong temperature dependence but this hypothesis 
remains to be tested. 
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1.6 Reactive oxygen species and proteins 
Following acclimation to cold temperature, organisms generally have an increased 
mitochondrial capacity in white muscle (Gudcrlcy, 2004) . Reactive oxygen specie::; 
(ROS) are a byproduct of the mitochondrial respiration (Bovcris and Chance, 
1973). For the purpose of this discussion, ROS encompass a variety of diverse 
chemical species including superoxide anion (0 2), hydroxyl radicals (OH·) and 
hydrogen peroxide (H20 2 ). Some of these species, such as superoxidc or hy-
droxyl radicals, are extremely unstable, whereas others, like hydrogen peroxide, 
are freely diffusible and relatively long-lived. These various radical species can 
either be generated exogenously or produced intracellularly from several different 
sources. Most estimates suggest that the majority of intracellular ROS production 
is derived from the mitochondria. The production of mitochondrial superoxidc 
radicals occurs primarily at two discrete points in t he elcc.tron transport chain, 
namely at complex I ( ADH dehydrogenase) and at complex III (ubiquinone-
cytochrome c reductase; reviewed by Finkel and Holbrook, 2000) . These ROS 
may damage a.ll types of biological molecules but, because of their high rela-
tive abundance in tissue composition, proteins arc a major target (Dalle-Donne 
et al. , 2003; Levine et al., 1990; Shacter, 2000). To avoid undue damages to 
cellular structures, organisms use a wide variety of antioxidant systems, some ac-
tive (enzymatic systems: superoxide dismutase, catalase, etc.) and some passive 
(non-enzymatic: glutathione, tocopherols, ascorbic acid, etc.). There is however 
a distinct pos ibility that organisms exposed to adverse conditions experience a 
13 
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higher rate of oxidative damage to their protein pool and, accordingly, have to 
replace more protein1; at a higher ra.te (i.e. have a higher protein tumover). 
1. 7 Research questions and hypotheses 
Evidence that protein degradation by the proteasome pathway could set a limit 
on growth rate emerged from the study of Dobly et al. (2004) . The importance of 
this protein degradation pathway, especially at cold temperatures, is also empha-
sized by transcriptomics studies that showed an increased number of mRNA tran-
scripts following exposure to cold temperature. The information brought about 
by the transeriptomics studies must, however, be validated with measurements 
of enzyme activities. Whether or not the activity of the proteasomc pathway is 
upregulated in vivo during cold acclimation remains an open question. My work 
will focus on the relationships between acclimation temperature, growth rate, 
protein synthesis and protein degTadation by the proteasome pathway. 
The first experiment (chapter 2) investigates the relationships among accli-
mation temperature, growth rate, protein synthesis, the activity of protca1;ome 
20S and some markers of oxidative stress in the white muscle of ju vcnile ("' 5 g) 
spotted wolffish. This is , to my knowledge, the first attempt to measure both the 
rate of protein synthesis and the activity of 20S proteasome in the same animal 
so that they can both be related to growth rate. This experiment abo addresses 
the question of whether 20S proteasome activity is highly thcrmosensitive, a.s a 
high sensitivity of its proteolytic activity could explain the upregulation of the 
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mR.NA transcriptH at colder temporaturr. The major finding of this first experi-
ment is that the activity of 208 proteasome iB increased following acclimation to 
cold temperature a.nd is negatively related to the specific growth rate of juvenile 
spotted wolffish. 
In the second experiment (chapter 3) , I explore the effecL of high and low 
temperature acclimation (i.e. the link observed in the fin;t experiment) on the 
relationship between growth rate and 208 protcasome activity. These measure-
ments were conducted on three tissues that have different. rates of protein turnover 
(heru:t ventricle, liver and white rnuBclc) and a wider Bize range of spott(')d wolff-
ish (60 to 1500 g). It is known that as fish weight increases, their growth rate 
decreases as a result of a decrease of protein synthesis (Houlihan et al., 1986). 
However, nothing is known about the activity of the 208 proteasorne in relation-
ship to fish mass and how this relation, if it exists, is influenced by acclimation 
temperature. Following acclimation to low temperature, 208 protcasome activity 
was not increased as expected from the fir:st experiment. However, a negative 
relationship between 208 proteasome activity aud specific growth rate was again 
observed at 4 °C. The absence of effect of acclimation temperature on proteasome 
activity suggests that the impact of temperature on proteasome activity changes 
during the ontogeny of spotted wolffi.sh. 
The first two experiments linked reduced growth rate and white muscle 208 
proteasome activity when fish are acclimated at low temperature. The activity of 
the 208 protea.some is known to be highly responsive to oxidative :streBs. Accord-
ingly, I hypothesized that the high capacity for protein degradation at cold tem-
15 
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perature could be related to mitochondrial capacity and its potentially associated 
reactive oxygen ~pecies (ROS) production. The third experiment thus focuses on 
the relationships between 208 proteasome activity and mitochondrial capacity 
by measuring key enzymes of energy production pathways ( ciiraie synthase and 
complex 1 of the electron transport system) in the heart, liver and white muscle 
of fish acclimated at high and low temperature. The acti vi tie~ of two antioxi-
dant enzymes (catalase and glutathione reductase) were also measured to asse~:::; 
the link between mitochondrial capacity and ROS production in spotted wolffish. 
The relationships between mitochondrial capacity, antioxidant enzymes and 208 
protcasomc activities were examined. If the negative rclation~hip observed be-
tween growth rate and 208 proteasome activity at low acclimation temperatures 
in Chapter 3 is a result of inter individual variation in mitochondrial ROS produc-
tion, it should be possible to directly correlate mitochondrial oxidative capacity 
and 208 proteasome activity. Following the acclimation period, the mitochon-
drial capacity was higher at cold temperature ( 4 oq in liver and heart but not in 
white muscle. The relationships between mitochondrial and antioxidant enzymes 
were not consistent among ti~sues but those observed were always positive, as 
expected. A relatively strong relationship was observed between 208 proteasorne 
activity and mitochondrial capacity only in the white muscle. It suggests that 
there is a connection between oxidative capacity and protein turnover, at least in 
the white mu~clc. Whether or not this relationship is mediated by mitochondrial 
R08 production is also discussed. 
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1.8 Wolffi.sh as a model species 
vVolffishes display several assets for use as a model fish species for the study 
of the relationships among protein metabolism, growth and temperature. The 
wolffish's fractional rate of protein synthesis is high compared to other fish species 
(IvicCarthy et al. 1999). Further, this species also displays very low spontaneous 
swimming activity, thus allowing it to allocate more energy to somatic growth 
than active metabolism (l\.1cCarthy e-t al. , 1999; Le Fran<;ois et al. , 2004). Finally, 
wolffish are relatively stenothermic as they can't survive at temperatures below 
-2 oc or above 16 °C. Accordingly, a relatively small difference in temperature 
greatly affects physiological rates including growth. 
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Protein synthesis is lowered while 20S proteasome activity is 
maintained following acclimation to low temperature in juvenile 
spotted wolffish (Anarhichas minor, Olafsen) 
This chapter is published in the Journal of Experimental Biology. 
Lamarre, S. G., Le Ftan<;ois, N. R., Driedzic, \ll,i . R. & Blier, P. U. (2009) . Pro-
tein synthesis is lowered while 208 protea.some activity is maintained following 
acclimation to low temperature in juvenile spotted wolffish (AnaThichas minoT, 
Olafsen). Journal of Experimental Biology. 212, 1294-1301. 
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2.1 Abstract 
The effects of temperature on protein metabolism have been studied mostly with 
respect to protein synthesis. Temperature generally has a parabolic effect on 
protein synthesis, with a maximum rate being observed at optimal growth tern-
perature. The effect of temperature on protein degradation is poorly understood. 
The 208 proteasome is mainly responsible for the degradation of short-lived and 
oxidatively modified proteins and has been recently identified as a potentially 
good proxy for protein degradation in fish. The aim of this experiment was to 
examine the relationships among the rate of protein synthesis, activity of the 208 
proteasome, oxidative stress markers and antioxidant capacity in white muscle of 
juvenile spotted wolffish (Anar'hichas minor) acclimated at three temperatures 
( 4, 8 and 12 °C). The rate of protein synthesis was lower at 4 oc than at 8 oc 
while it was intermediate at 12 °C. Despite the decrease of protein synthesis at 
low temperature, the activity of 20S protcasome activity was maintained high 
in fish acclimated at lower temperature (4 °C), reaching levels 130 %of that of 
fish acclimated at 8 oc when measured at a common temperature. The oxida-
tive stress markers TBARS and protein-carbonyl content did not change among 
temperature groups, but reduced glutathione concentration was higher in cold-
acclimated fish , suggesting a higher antioxidant capacity in this group. The data 
suggest that lower growth rate in cold temperature results from both high 208 
proteasome activity and a reduced rate of protein synthesis. 
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2.2 Introduction 
Protein turnover refers to the continuous degradation and renewal of intracellu-
lar proteins. These are hydrolyzed to their component amino acids and usually 
replaced by an equal amount of freshly synthesized protein (Hawkins, 1991). Pos-
itive growth occnrs when the rate of synthesis surpa1:>scs the rate of degradation 
(Houlihan et al. , 1995; Sugden and Fuller, 1991). Conversely in the case of nega-
tive growth, protein degradation surpasses the rate of protein synthesis (Hawkins, 
1991) . Factors that have an effect on growth necessarily affect (directly or indi-
rectly) protein synthesis, protein degradation or both. The rate of protein synthe-
sis has received the most attention in the study of several intrinsic (e.g. species, 
mass, exercise, ontogenetic stage, nutritional condition, hetcrozygocity) and ex-
trinsic factors (e.g. temperature, pollutants, oxygen levels and salinity) (for a 
review, sec Carter and Houlihan, 2001; Fraser and Rogers, 2007) . Although 
little is known about protein degradation, there is a strong indication that it 
is a very important process in the determination of growth raLc (Dobly et al. , 
2004; rraser and Rogers , 2007; Houlihan et al., 1995). For instance, in Atlantic 
wolffish (Anarhichas lupus), white muscle and whole-body fract ional rates of pro-
tein synthesis (Ks; % day- 1) were shown to increase linearly with temperature 
(McCarthy et nl. , 1999). However, the fractional rate of protein growth (Kg; % 
day-1) and protein retention efficiency ( K gj K s) increased with temperature until 
they reached their optimal temperature and then decreased rapidly. As the up-
per thermal limit was approached, protein degradation increased while retention 
efficiency and growth decreased (Fraser and Rogers, 2007; McCarthy et al. , 1999). 
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The inherent complexity of measuring protein degradation comes from the 
multiple pathways that arc involved. Protein degradation is often estimated 
from the difference between protein synthesis and protein growth. This method, 
however, assumes that protein synthesis measured over a few hours is represen-
tative of growth rate measured over weeks. It also assumes that there is no 
change in tissue composition during the experiment. For now, however, it. is the 
only method available to measure in v-ivo protein degradation (Fraser and Rogers , 
2007). Several studies have focused on the activity of enzymes involved in protein 
degradation in fish experiencing muscle wasting conditions, such as food restric-
tion, starvation (Guderley et al. , 2003; Martin et al., 2002; Martin et al., 2001; 
Salem et al. , 2007), migration and spawning in salmonids (Mommscn, 2004; Salem 
et al., 2006) that is also associated with starvation. In such situations, it is mainly 
the cathepsin and calpain systems that are responsible for protein mobilization 
as energetic substrate and/or as material for reproductive investment (Martin et 
al. , 2002; Mommsen, 2004). To my knowledge, only one study has linked growth 
rate and the activity of one pathway of protein degradation iu fish growiug with-
out food restriction or the complicated aspect of sexual maturation. ln rainbow 
trout ( OncoThynchus mykiss) , specific growth rate was negatively lin keel with thf' 
hepatic activity of 208 proteasome, and high proteasome activity was linked to 
decreased growth efficiency (Dobly et al., 2004) . In a second study on starving 
rainbow trout, the activity of 20S proteasome w~ shown to decrease after 14 days 
of starvation in rainbow trout, most likely as a result of reduced protein t urnover 
(Martin et al., 2002). These results indicate that the activity of 208 proteasome 
could be a good proxy to protein degradation in fish growing in normal conditions. 
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The proteasome pathway was mainly responsible for degradation of oxida-
tively damaged protein:; (.Friguet, 2006· Perepechaeva et al. , 2006; Poppck and 
Grune, 2006). Thi:; concept motivated me to assess if its activity i:; linked to 
the levels of markers of oxidaLive stress and the level of an antioxidant. Protein-
carbonyls and thiobarbituric acid reactive substances (TI3ARS) were used as 
indicators of oxidative damage of protein and lipids, respectively. Reduced glu-
tathione concentration was measured as an indicator of antioxida.llt capacity. 
The aim of this study is to measure the impact of three temperatures ( 4, 8 
and 12 °C) on the rate of protein synthesis, activity of 20S proteasome and levels 
of oxidative stress markers and antioxidant in white muscle of juvenile spotted 
wolffish (Ana1·hichas minor), a close relative of Atlantic wolffish. T he use of 
three acclimation temperatures within the species thermal range was utilized to 
generate variability in gTOwth rate without introducing undue stress to fish. To 
my knowledge, there arc no studies that have concurrently measured the rate of 
protein synthesis and 20S proteasome activity in an ectothermic animal. 
2.3 Materials and methods 
2.3.1 Growth trial 
The growth trial and the measurement of protein synthetic rate were carried 
out in the aquaculture facilities of the Centre Aquacole !J.arin de Grande-Riviere 
(QC, Canada). The juvenile spotted wolffish used were the offspring of the do-
mestic broodstock maintained at this facility since 1999. Prior to the experiment, 
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fish were held at 8 ac and fed to satiety according to established protocols. The 
growth trial took place during the period of April through May 2006 for 41 days 
using fish with a mean initial mass and length of 1.72± 0.20 g and 5.86±0.25 em, 
respectively. The fish were individually marked using visible irnpla.nt elastomer 
(VIE, Northwest Marine Technology, Shaw Island, WA, USA) on the top of the 
head, and their initial mass and length were recorded before they were randomly 
transferred (12 fish per tank) into one of the three low-level rearing units (1.5 
litre volume) supplied with oxygenated sea water (0.5 l·min- 1 ) at 4 °C, 8 ac or 
12 ac (3.98± 0.56 oc; 8.09±0.5 ac and 11.94±0.30 °C) for the duration of the 
trial. Water temperature was controlled by mixing cold seawater with heated 
water in a mixing tank. vVater depth was adjusted to 2 em in order to facilitate 
feed ingestion (Strand et al., 1995). Fish were fed an adapted commercial feed 
(Gemma 1.0; Skretting, Bayside NB, Canada) to satiety daily for 41 days, a.nd 
water quality was monitored daily. Fish were exposed to a 12 h:12 h L:D pho-
toperiod, mean salinity was 29 o/oo and oxygen concentration was always over 80 %. 
Specific growth rate was calculated using SGRm=[log(Mf) log(MO)]x100j t, 
where Mf and MO arc final and initial mass (g) and t is the length in days of 
the experiment. For SGRl, Mf and MO were replaced by lf and lO, the final and 
initial length (em), respectively. Fulton condition index (K) was calculated using, 
K = M .z-3, where M is fish weight and lis fish length (Ricker, 1975). Rates of 
protein synthesis, 20S proteasomc activity, antioxidants and markers of oxidative 
stress were all measured on the same fish. 
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2.3.2 Protein synthesis 
ProLein synthetic rate was measured based on the principles of the flooding dose 
of radiolabeled phenylalanine method developed for rats (Garlick el al., 1980). 
In this experiment, I report the protein synthetic rate as the incorporation of 
nanomolcs of phenylalanine per mg of protein per hour as expressed in other 
studies (Lewis and Driedzic, 2007; Treberg et al., 2005). Fish were starved for 24 
h prior to experimentation. Each fish was injected intraperitoneally with 1 ml · 
100 g- 1 of the tracer solution. No anesthetic was used during this procedure and 
the fish were immediately returned to their tank, thus protein synthcLic raLe is 
measured at acclimation temperature. The tracer solution was composed of 135 
mmol·l- 1 phenylalanine containing L-[2,3,4,5,6-3Hjphenylalanine (GE Healthcare, 
Missi::;sauga, ON, Canada.) at a dosa.ge of 1.85 MBq ml- 1 in a buffered solution 
consisting of (in mmol·l- 1) 150 NaCl, 5 KCl, 5 NaP04 , 2 CaCh, 10 NaHC03, 2.0 
Na2HP04 , 1.0 MgS04 , 5 D-glucose, and5.0 Hepes at pH 7.6 ('Il·eberg et al., 2005). 
An incorporation period of about three hours was adopted following the results 
of McCarthy et al. (1999) on Atlantic wolffish in the same size anti temperature 
range. Fish were thereafter killed by a blow to the head, and the peritoneal cavity 
was opened and thoroughly rinsed with distilled water. A sample of white muscle 
from the deep dorsolateral region was dissected (care was used not to sample 
red muscle) , immediately frozen on dry icc and transported Lo Lhe laboratories 
in R.imouski (QC, Canada) within 24 h after dissection to be stored at 80 ac 
until further laboratory work. Frozen muscle samples were pulverized in liquid 
nitrogen using a stainless steel mortar and pestle, and sample::; of Lhc resulting 
powder were stored in sealed cryogenic tubes at 80 °C. 
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2.3.3 Tissue preparation and scintillation counting 
Powdered muscle samples were homogenized in 10 volumes of icc-cold 0.2 mol·l- 1 
pcrchloric acid (PCA) using a Hcidolph Diax 900 homogenizer (3x10 s) and in-
cubated for 10 min on ice prior to being centrifuged at 15,000 g for 5 min at 4 ac 
(Thermo IEC Microma~ RF bcnchtop centrifuge, Waltham, MA, USA). Super-
natant (for free pool phenylalanine) was delicately removed, taking care not Lo 
include any lipid located on top of t he microcentrifuge tube. The protein pellet 
was then washed three times by resuspending it in 1 ml of 0.2 mol-1- 1 PCA, incu-
bating on icc for 10 min and centrifuging for 10 min at 15,000 g. The protein pellet 
was then dissolved in 2 ml o£0.3 mol·l- 1 NaOH (less than 2 hat 37 °C). The deter-
mination of labelled phenylalanine in proteins and in the free pool was conducted 
by mixing samples of the pellet dissolved in NaOH or PCA supcrnaLant, respec-
tively, in 10 ml ScintiVerse II (Fisher Scientific Canada, OtLawa, 0 , Canada). 
This mixture was then counted in a Beckman LS 6500 Multi-Purpose Scintilla-
tiou Counter (Fullerton, CA, USA). The fluoromctric method of McCaman and 
Robins (1962) was used for the determination of total phenylalanine in the free 
pool, allowing for the determination of free-pool phenylalanine specific activity. 
Briefly, phenylalanine forms a highly fluorescent compound with ninhydrin in the 
prc::;cncc of L-lcucyl-1-alaninc after 2 h incubation at 60 °C. Fluorescence was 
then measured in a Hitachi F-2500 spectrofluorometer (Hitachi High Technolo-
gies, San Jose, CA, USA) set at excitation 365 nm and emission 515 nm. A 
standard curve ranging from 0 to 120 pmol-1- 1 was prepared for each assay using 
0.2 mol·l- 1 PCA as solvent. Protein synthesis was ca.lculatcd from radioactivity 
in the protein bound pool divided by specific activity in the free pool. Data were 
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normalized to tissue protein content. Protein concentration in the sample was 
determined with a standardized colorimetric assay (Bio-Ra.d , Mississauga, ON, 
Canada). 
2.3.4 208 proteasome assay 
The chymotrypsin-like activity of 208 proteasome was assayed following Shibatani 
and Ward (1995) . The powdered sample was homogenized in five volumes of ly-
sis buffer using a Potter- Elvehjem (PTFE pestle and glass tube) and centrifuged 
at 20,000 g at 4 oc for 1 h. The lysis buffer was composed of 0.1 mmol·l- 1 
EDTA, 1.0 mmol·l- 1 tj-mercaptoetha.nol in a 50 mmol·l- 1 Tris buffer (pH 8.0). 
The assay used t.he proteasomo-specific synthetic substrate LLVY-AMC (Biomol 
International, Plymouth Meeting, PA, USA) and is based on detection of the 
fiuorophore 7-amino-4-rnethylcoumarin (Al'v1C) after cleavage from the labeled 
substrate. Briefiy, 50 f-Lg of protein from the supernatant was incubated at 15 
oc with 40 f-Lmol-l- 1 LLVY-AMC and 0.0475% SDS in 100 f-Ll of 100 mmoJ.l- 1 
Tris buffer (pH 8.0) for 30 min. The reaction was stopped with 300 f-Ll of 1% 
SDS and 1 ml of 0.1 mol·l-1 sodium borate (pH 9.1). Fluorescence was deter-
mined at excitation/emission wavelengths of 370/430 nm. A standard curve was 
prepared for each assay. Blanks were prepared by stopping the reaction prior to 
incubation, and parallel samples were supplemented with 50 ftmol-1- 1 MG-115 
and 50 f-LmoJ.l- 1 MG-132 (Biomol International), two potent inhibitors of the 
chymotrypsin-like activity of the proteasome. The inhibitor-sensitive activity is 
hereby reported as 20S proteasomc activity using prnol AMC per hour per 50 f-Lg 
protein as a unit. Protein concentration was determined as described for protein 
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synthesis. The activity was linear for at least 60 min, and the assays never lasted 
more than 40 min (data not shown). 
The in vitro thermosensitivity of the wolffish 20S proteasome chymotr]'PSin-
like activity was evaluated by measuring the activity in samples as above but at 
difierent temperatures (4, 8, 16, 24, 32 oc) . Replicates of white muscle samples 
of five fish averaging 10 g and acclimated to 8 °C were used. A. linear model 
was fitted on the log10-transformed activities and used to convert the activities 
measured at 15 octo the fish 's acclimation temperature. The Q10 was calculated 
using Q 10 = 1Q(slopex 10) . 
2.3.5 Quantificat ion of protein-bound carbonyls 
Reactive oxygen species arc the cause of many cellular damages, one of which is 
the oxidation of amino acid residues on proteins, forming protein carbonyls. The 
protein-carbonyl content was measured by the method of Levine et al. (1990) 
with slight modifications. Briefly, powdered muscle samples were homogenized 
in ice-cold phosphate buffer saline (PBS; 3.2 mmol·l- 1 Na2HP04 , 0.5 mrnol·l- 1 
KH2P04 , 1.3 mmol·l- 1 KCl, 135 mmol·l- 1 NaCl, pH 7.4), and 50 J.Ll of this ho-
mogenate was incubated with 500 J.Ll of 10 mmol-1- 1 2,4-dinitrophcnylhydrazine 
(DNPH) in 2 mmol·l- 1 HCI or 500 ttl of 2 mmol·l- 1 HCl (control) for 1 h. The 
tubes were vortcxed every 10 min. The proteins were then precipitated by adding 
500 J.Ll of 20% ( w jv) trichloroacetic acid (TCA). After an incubation on ice for 10 
min, the tubes were centrifuged at 10,000 g for 10 min. To remove any unbound 
DNPH, the rer:;ulting pellet was washed with 1 ml of 10% TCA and then washed 
27 
2.3 Materials and methods 
three times with 1 ml ethanol:cthyl acetate (1:1, v/v). After each wash, the su-
peruatant was carefully aspirated and discarded. The final pellet was dis::;olvcd by 
incubating it in 500 J.Ll of 6 mol·l- 1 guanidine hydrochlorid' at 37 oc for 1 h. Ab-
sorbance a t 370 mn was read on a Lambda 11 spectrophotometer (PcrkinElmer, 
Woodbridge, Canada), and the molar absorption coefficient of 22,000 1- 1·cm- 1 
was used to quantify the levels of protcin-carbonyls. Protein concenLraLion was 
determined aH de::;cribed for proLein synthesis. 
2.3.6 TBARS assay 
Free radical damage to lipid::; re::;ulLs in the generation of rnalonedialdchydc (MDA), 
which reacts with thiobarbituric acict (TI3A) to form a fluorescent compound. 
The thiobarbituric acid reactive substances (TBARS) were used as an index of 
lipid pcroxidaLion in the whiLe muscle samples. The assay was performed using 
a commercially available kit (Zeptometrix, Buffalo, Y, USA). The kit was used 
as recommended by the manufacturer except that the assay was downscaled to 
be performed in microtubes. Mu::;cle samples were homogenized in 10 volumes of 
icc-cold PBS as above, and 20 ,,,1 was pipetted into labeled tubes, 20 Jd of the 
supplied SDS solution was added, followed by 500 ttl of the TBA reagent. The 
tubes were incubated at 95 °C for 60 min along with a standard curve of MDA 
(0 4 nmolml- 1 ). After cooling, the tubes were centrifuged at 10,000 g for 5 min, 
the fluorescence of the supPrnatant at exr.itationjemission wavelengths of 530/550 
nm was recorded and the MDA equivalent concentration interpolated from the 
standard curve. The result::; arc presented as the average of three replicates and 
expressed in nmol·g- 1 tissue. 
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2.3. 7 Detennination of reduced glutathione 
Glutathione (GSH) i::; an intracellular low-molecular-mas::; thiol that plays a crit-
ical role in the cellular defence against oxidative stress. The GSH concentration 
was measured according to Kamencic et al. (2000). Reduced glutathione is com-
bined with monochlorobimanc (rnCB) by the enzyme glutathione-S-transferasc to 
form a fluorescent GSH-rnC13 adduct that can be quantified by spectrofluorom-
etry. Muscle sample::; were homogenized in 10 volume::; of icc-cold PBS as above. 
The homogenate was incubated in triplicate for 30 min at room temperature with 
mCB and glutathione-S-transferase at a final concentration of 100 p.mol 1- 1and 
1 U ml- 1, respectively. After centrifugation (5,000 g, 5 min) the fluorescence of 
the supernatant was recorded (excitation/emission: 380/470 nm) and the GSH 
concentration was extrapolated from a standard curve ( 0- 100 J t.moJ.l- 1). 
2.3.8 Statistical analysis 
All data arc presented as means± 95% confidence interval. T he GLM procedure 
of Systat 11 (Systat software, Chicago, IL, USA) was used to examine the effect of 
temperature on growth, protein synthesis, proteasome activity, protein-carbonyl, 
TBAR.S and G8H. When a significant effect of temperature was detected, the 
multiple comparison test of Tukcy was performed. Regression analysis was used 
to examine the relationship between protein synthesis or 208 proteasome activity 
and 8GR. Finally, a multiple regression was used to analyze the combined effect of 
protein synthesis and 208 protcasornc activity on SGR.. Equality of variances was 
tested using Levene's test, and residual normality was tested using Kolmogorov 
Smirnoff test with the correction of Lilliefors. All tests were two-tailed with a 
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significanr.C' level of 0.05. 
2.4 Results 
There. were no mortalities during the time of the experiment. The final mass of 
the group acclimated at 4 oc was significantly lower than the mAss of the other 
two groups (F2,2s=17.93, P<0.001) ; the final masses were 3.44±0.51 g, 4.72±0.39 
g and 4.89±0. 79 g for fish acdimated at 4, 8 and 12 oc, respectively. The final 
length was siguiiicantly different among the three groups (F2,28= 2 .2 , P < 0.001); 
the finallcu!!;ths were G.9±0.4 mm, 7.6±0.3 mm and 8.0±0.4 mm for 4, 8 and 12 
°C, respectively. At 4 oc, SGRm was significantly lower than at 8 and 12 oc and 
there was no significant difference between 8 and 12 oc (Fig. 2. 1) (F2,28=36.11 , 
P<O.OOl ). There was a strong trend for higher length increase at 12 oc (Tukey's 
P = 0.06), which yielded a significantly lower condition index, i.e. fish that were 
more slender compared with fish acclimated at 4 and 8 oc (Fig. 2.2) (F2,2s= 8.96, 
P=O.OOl). 
2.4.1 Protein synthesis 
The protein synthetic activity was mea..<>ured in white muse! at the end of the 
growth trial. The effect of water temperature on the rate of protein synthesis 
is presented in Fig. 2.3. At the lowest temperature (4 oc), the rate of protein 
synthesis wa.<> significantly lower compared with the group acclimated at 8 oc 
(F2,23= 3.150, P = 0.026) while acclimation at 12 oc led to an intermediate rate 
with no significant difference between 4 and 12 oc groups (Fig. 2.3). 
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Figure 2.1: The effect of temperature on specific growth rate (SGR) in 
(A) body mass per day and (B) body length per day of juvenile spotted 
wolffish. Values are means ± 95% CI (N=lO); different letters indicate 
significant difference (P<0.05)-
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Figure 2.2: Fulton's condition index of spotted wolffish g;rowin11: at three temper-
atures. Values are means ± 95% CI (N=lO); different letters indicate significant 
difference (P<O.OS). 
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Figure 2.3: Rate of protein synthesis expressed as incorporation of phenylalanine 
in white muscle proteins of juvcnilf! spotted wolffish acclimated aL three tempera-
tures. Values are means ± 95% Cl (N= - 10); different letters indicate significant 
difference (P<0.05). 
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2.4.2 208 proteasome activity 
The chymotrypsin-like activity of the 208 proteasome was affected by acclima-
tion temperature. When mea.< ured at a common temperature, the activity in fish 
acclimated at 4 ac was higher than in fish acclimated at 8 oc, the latter also dis-
playing a higher activity than tho::;e at 12 °C (Fig. 2.4) (F'2,26= 12.619, P<O.OOl). 
T here was no effect of acclimation temperature on the level of uou-spcciii.c ac-
tivity in the reactions supplemented with MG-115 and MG-132; the averages 
were 3.47± 1.03 3.52±0.51 and 2.51±0.61 pmol AMC·h- 1·50 {..Lg- 1 protein for 
fish a eli mated at 4, 8 and 12 °C , respectively ( F 2,26=2. 196, P = 0.12). 
25 
-c 
·a; 
- 20 0 c ... 
Q)o. 
E .-
o6 15 (/) ::l. 
cuo 2l[) 
0 .-
L-1 10 a...c: 
Cf)U 
0~ 
C\1<( 
5 0 
E 
a. 
- 0 
4 8 12 
Acclimation temperature (0 C) 
Figure 2.4: Activity of 20S proteasome in white muscle of juvenile spotted wolffish 
acclimated a.t different temperatures. The black bars represent activity measured 
at 15 °C while the open bars represent the activity calculated at acclimation tern-
perature (see te>..'i. for details). Values are means ± 95% CI (N= 8- 10); different 
letters indicate significant difference (P<0.05) 
Catalytic rate of the chymotrypsin-like activity of 208 protc~ome at physi-
ological temperatures (Fig. 2.4, white bars) was estimated by first determining 
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artivity at different a,.,say trmperatures for homogenatcs from fish acclimated to 
8 °C . The relationship between proLeasome activity and temperature, determined 
at temperatures ranging from 4 °C to 32 oc, was linear (Fig. 2.5). This reveals 
that nothing untoward with respect to thermal sensitivity is occurring over the 
temperature range of study. The expected activity at acclimation temperature 
was calculated from the activity measured at 15 °C using th' calculated Q10 of 
1.33. When the activities were reported at their expected valuer:> at acclimation 
temperature, the direction of the differences remains the same but the group ac-
climated at 8 oc was no longrr significantly different from the I"Xtremes while the 
4 and 12 °C groups remained significantly different from each other (Fig. 2.4, 
open bars) (F2,26=5.069,P=0.015). 
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Figure 2.5: Activity of 208 protcasome in relation to assay temperature in white 
muscle of spotted wolffish acclimated at 8 °C. The top equation describes the 
linear relation between log-transformed proteasorne 208 activity and temperature 
(r·2= 0.680, P <O.OOl). The slope of this relationship was then used in the second 
equation to determine Q10. Each data. point represents the mean activity of five 
fish ± SD 
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In an attempt to describe growth data using protein synthesis and 208 protea-
some activity, simple and multiple regression analyses \Vere performed on pooled 
groups. Growth rate was well described by protein synthesis according to the 
following equation: SGRm = 1. 714 + 2.065 x protein synthesis ( r 2= 0.343, 
P=O.OOl). The relationship between growth rate and 208 proteasomc activity 
(adju::;ted to acclimation temperature) was best described by: 8GRm = 2.926 
0.048 x protcasomc (r2=0.253, P=0.006) . A multiple regression best described 
growth rate using both protein synthesis and 20S proteasome activity: SGRm = 
2.22 + 2.040 x protein synthesis 0.039 x proteasome (r2=0.55, P<O.OOl) . 
2.4.3 Quantification of protein-bound carbonyls 
Oxidative protein damages in the white muscle were measured as protein-bound 
carbonyls. There was no significant effect of acclimation temperature on protein-
bound carbonyls (F2,24=1.520, ?=0.242). The protein-bound carbonyl content 
varied between 0.364 and 1.879 nmol·mg- 1 protein and averaged 1.074 nrnol·mg -1 
protein. 
2.4.4 Quantification of TBARS and reduced glutathione 
Lipid peroxidation was measured as the content of TEARS. The TBARS con-
centrations varied between 0.087 and 0.263 J.Linol·g-1 white muscle and averaged 
0.154 p.mol·g- 1 white muscle. There was no significant effect of ternperFtture on 
TEARS content (F2,25=1.50, ? = 0.245) . Acclimation temperature had a signifi-
cant effect on GSH concentration (Fig. 2.6) . Fish acclimated at 4 oc had a higher 
concentration of GSH than those acclimated at 12 oc while fish acclimated at 8 
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°C had intermediate values (F2,25=7.01, P=0.005). 
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Figure 2.6: White muscle concentration of reduced glutathione in juvenile spotted 
wolffish acclimated at three temperatures. Values are means± 95% CI (N= 8- 10); 
different letters indicate significant difference (P<0.05). 
2.5 Discussion 
Wolffish possess several assets that make them useful as a model species for the 
study of relationships linking protein metabolism and growth. The effect of tem-
perature on muscle fractional rate of protein synthesis was described in fish as a 
log-linear relationship for many species, and in wolffish, protein synthesis occurs 
at higher rates compared with other species (McCarthy et al., 1999). Wolffish 
also display very lmv spontaneous swimming activity and aggressive behaviour, 
allocating more energy to somatic growth than active metabolism (Le Franc;ois 
et al. , 2004; McCarthy et al. , 1998; McCarthy et al., 1999; Savoie et al. , 2008), 
which contributes to a reduced level of intraspecific growth variability. This, in 
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turn, allows for a better assessment of the links among temperature, growth rate 
and protein metabolism measurements. 
As expected, acclimation at the coldest temperature had a significant negatiVP 
effect on growth rate, mean SGRm being 70% of SGRm of fish acclimated at 
8 °C. Spotted woltlish acclimated at 12 °C did not show significantly different 
growth rate wheu compared wiLh the 8 °C group, as found in Atlantic wolffisl! 
(McCarthy et al., 1998; McCarthy et al., 1999). However, Savoie et al. (2008) , 
studying newly hatched spotted wolffish, reported the highest growth rate at 
12 oc compared with 8 °C during the first two weeks post-hatch, then a sharp 
decrease of growth rate at 12 °C occurred. Our results arc also in accordance 
with other published grov.>th rates of juvenile spotted wolffish (Hansen and Falk-
Petersen, 2002; lmsland et al. , 2006a; Imsland et al., 2006b) . The SGR.m data 
presented here are, to my knowledge, the first published for spotted wolffish in the 
range of 2 to 5 g. The absence of mortality and generalized positive growth during 
the growth trial is indicative of the good health of the experimental fish but also, 
shows that the selected experimental temperatures \verc well within the species 
thermal range. Acclimation Lo the highest temperature (12 °C) seems to have a.n 
effect on the shape of fish , as suggested by the reduced Fulton's condition index 
(Fig. 2.2) . This phenomenon might be indicative of the difficulty of retaining 
energy reserves aL higher temperature due to higher maintenance costs. It might 
also be indicative of different thermosensitivity of growth raLc and developmental 
processes. 
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2.5.1 Protein synthesis 
In this study, the rate of protein synthesis was maximal at 8 oc, lower at 4 °C and 
intermediate at 12 °C. At 12 °C, the rate of amino acid incorporation tends to be 
lower than at 8 °C. This contrasts with the results for Atlantic wolffish (:\ifcCarthy 
et al., 1999) , where the fractional rate of protein synthesis increased linearly with 
temperature. In juvenile barramundi (Lates calcarifer) , protein synthesis was 
shown to display an asymmetrical relation with temperature, as it tends to in the 
present study (Katersky and Carter, 2007). It has been suggested that , under 
satiation feeding, protein synthesis is maximal at optimum growth temperature 
(Carter and Houlihan, 2001; Loughna and Goldspink, 1985). This seems to be the 
case in the present study as protein synthesis tends to be higher at 8 oc which is 
generally recognized as the optimal growth temperature of spotted wolffish (Foss 
et al., 2004; Hansen and Fa.lk-Petersen, 2002; Imsland et al., 2006a.; Imsland et 
al., 2006b). 
2.5.2 Proteasome activity 
The thennosensitivity of the chymotryptic-like activity of 20S protcasome was 
the same for the white muscle and liver (data not shown). The relatively low Q10 
observed in spotted wolffish C'ontrast.s with findings of other studies, mostly on 
mammals, where reported Q10 are between 1.6 and 4 (Velickovska et al., 2005; 
Woods and Storey, 2005). The skeletal muscle chymotryptic-like activity of hi-
bernating thirteen-lined ground squirrels (Spermophilus tridecemlineatus) has a 
lower Q10 than that of conspecific euthermic animals (1.6 vs 2.1) and is much 
lower than that of the mouse (Mus musculus) , which has a Q10 of 2.9 [calculated 
38 
2.5 Discussion 
from fig. 2.3 of Woods and Storey (2005) ]. In general, Q 10 increases at lower 
temperature, but this phenomenon was not observed in the range of temperature 
studied. This docs not rule out the possibility of a very large Q10 between 4 oc 
and lower temperatures but this is beyond the scope of this study. It is worth 
mentioning that, in the wild, spotted wolffish experience temperatures that range 
from 1 to 7 °C (J3anmkov, 1959). Consequently, it is not surprising that a low 
Q10 i::; measured even at cold temperatures. It i::; not clear whether wolfiis.h 208 
proteasome is adapted to be more efficient at cold temperature or if animals living 
at higher temperatures have evolved a protection mechanism that limits protein 
degradation during ::;hart-term decreases of temperature, such as in hibernating 
squirrels (Velickovska et al. , 2005). 
Protein degradation is a tightly regulated proces::; (Hershko et al., 2000) and , 
in eukaryotic celll:l, three major protein degradation systems exist. The lyl:losomal 
system is composed of a vacuole-bound acidic environment where the cathepsins 
hydrolyze the proteins in a non-specific manner. The concentrations of the dif-
ferent cathepsins are under tight control (Aoki et al., 2000; Nlommsen, 2004). 
The calpain system is composed of two calcium-activated proteolytic enzymes 
(the m-calpain and the 11-calpain) and their specific inhibitor (the calpastatin). 
This system i!:l thought to be principally involved in the cleavage of cytoskele-
taljrncrnbrane attachment::; and presumably ::;ignal transduction (Gallet al. , 2003; 
Gall et al. , 1908). The ubiquitin/proteasomc system, examined here, is involved 
in the specific degradation of tagged proteins. Tagging of a protein for destruc-
tion is accomplished by covalent attachment of multiple ubiquitin moieties, a 
highly evolutionary conserved protein. Conjugation of ubiquitin to the protein is 
39 
2.5 Discussion 
realized via a three-step cascade mechanism involving three classes of enzymes 
(E1, E2 and E3) that activate ubiquitin, transport it and attach it to substrate 
protein, respectively (Attaix et al., 2001). The 20S protca.somc is composed of 
fom stacked rings that form a barrel-like structure hosting proteolytic activities. 
Doth ends of the 208 protea..c;omc ran be capped by a 198 regulatory particle that 
is responsible for substrate recognition and its translocation into the lumen for 
degradation (Attaix et al. , 2001; Braun et al., 1999; Glickman and Ciechanovcr, 
2002). 
This is the first study to measure 20S proteasome activity in fish acclimated 
at different temperatures. There is a clear indication of thermal compensation of 
proteasorne activity in fish acclimated at 4 °C. Protea: ome activity at 4 oc was 
130% higher than the activity level measured at 8 oc, while in fish acclimated at 
12 °C, activity was 87% of that of 8 °C (calculated using activities at acclimation 
temperature). The use of Q10 to calculate proteasome activity at acclimation 
temperature was preferred to measuring the enzyme activities at acclimation 
temperature for practical considerations. The effect of telllperature on enzyme 
a.ctivity was linear in the studied range of temperatme and there is no reason to 
believe that the fish express different isoforms of proteasome at different tempera-
ture. Therefore, the temperature sensitivity of the proteasome should be the same 
between acclimation groups and the calculated activities should represent reality. 
The assays were performed on tissues extracted at least 24 h after the last meal 
and the activities are likely to represent the basal rate of protein degradation in 
white muscle of juvenile spotted wolffish. Our results are in accordance with many 
tra.nseriptornics studies that show an increase of the genes coding for 20S pro-
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teasome and/or ubiquitinating enzymes during acclimation to cold temperatures. 
In a study on gene expression level of annual killifish (A ustmjund1tlus limnaeus) 
during acclimation to low and high temperature, Podrabsky and 8orncro (2004) 
found that a subunit of 268 proteasomc was strongly upregulated during cold 
acclimation. In the common carp ( Cyprinus carpio), acclimation to cold temper-
ature also led to upregula.tion of 21 genes involved in the ubiquitin proteasomc 
pathway (Gracey ci al. , 2004). Dprcgulation of genes of the proteasome pathway 
was also observed, along with an apparent increase in the ubiquitin-conjuga.ted 
(Db-conjugated) level of some proteins in common carp (McLean et al., 2007). 
Todgham et al. (2007) found a higher level of Db-conjugated protein in Antarctic 
fish species than in fish inhabiting temperate waters of New Zealand. The authors 
concluded that cold waters placed higher physiological constraints on maintain-
ing proteins in their native state (Todgham et al., 2007). These authors also 
suggested that the accumulation of Db-conjugated proteins could be a result of 
a lower efficiency of the proteasome at lower temperature. This interpretation is 
now challenged by our results, given the compensation of 208 proteasome activity 
at lower acclimation temperature. Our results , combined with those of Todgham 
el al. (2007) , indicate that cold temperatures place an important physiological 
constraint on protein metabolism and that the ubiquitin proteasome pathway 
seems to be upregulated in such conditions. It is noteworthy that the 208 protea.-
some activities reported in the present study reflect the capacity of degradation 
of a synthetic peptide and not the degradation of proteins per se. This is, for 
now, the closest we can get to protein degradation by the protcasome pathway. 
Lower protein synthesis retention efficiency (P8RE) was observed in Atlantic 
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wolffish at lower temperature (McCarthy et al., 1999) . PSRE was also found to 
be lower at low temperature in juvenile barramundi (Katcrsky and Carter, 2007). 
Low PRSE indicates t hat a lower proportion of synthesized protein::; is ::;ucce::;s-
fully retained for growth, in other words it is indicative of a high protein turnover 
and therefore of a low growth efficiency. Our results show that the proteasome 
pathway is a potent ially significant component of the low PRSE generally ob-
served at low temperature. It appears that, at temperatures slightly higher than 
the optimal, growth ra.tc is maintained by a combination of skeletal growth and 
slightly reduced muscular activity of proteasome, as shown by the .Fulton's K and 
proteasome 208 activity, respectively. Since the higher acclimation temperature 
wa..<; not high enough to produce a detrimental effect on growth rate, it is not 
possible to evaluate the role of proteasome in the case of acclimation to adversely 
high temperature. In their study on barramundi, Katersky and Carter (2007) also 
found that PRSE was maintajned over a wide range of temperature at the higher 
end of the experimental temperatures tested. To date, protein metabolism (syn-
thesis, growth and degradation) has not been measured in animals acclimated at 
temperatures clearly above their optimal temperature. Such information would 
provide further data to explore the relationships between protein metabolism and 
growth rate. 
2.5.3 P rotein turnover 
A significant positive relationship was found between t he rate of protein synthe-
sis in white muscle and SGH.m while a negative relationship was found between 
208 protea.'3orne activity and SGRm. A significant multiple regression described 
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SGRm by using protein synthesis and proteasome activity. As shown by the 
equation of this regression, white muscle 208 proteasome activity negatively im-
pacts growth rate. Dobly ct al. (2004) also found a negative relationship between 
growth rate and 208 proteasome activity in rainbow tronL liver but noL in while 
muscle. This is probably related to the different experimental approach they used 
to study the relationship between protein metabolism and growth rate and also 
to t he sedentary swimming behaviour of spotted wolf-fish compared with rain-
bow trout. The multiple regression was computed on pooled fish without using 
temperature as a factor for two reasons; first, I wanted to avoid the w>e of too 
many parameters and their interactions. More importantly, since the selected ac-
climation tempera tures were within the thermal range of spotted wolffish, it was 
considered as a mild treatment influencing growth rate in comparison to food re-
striction. Keeping in mind that during positive growth, protein turnover is equal 
to protein degradation (Hawkins, 1991) , turnover appeared to be maintained 
high in slow-growing fish acclimated at lower temperature. Fish acclimated at 
the higher temperature maintained growth rate similar to the group acclimated 
at 8 oc while having a slightly lower rate of protein synthesis and 208 proteasome 
activity. 
2 .5 .4 Protein damage 
Protein cold denaturation and/or protein misfolding have been suggested as 
causal factors of the high levels in Db-conjugated protein content reported in 
cold-water-adapted fish species (Todgham et al., 2007). Although, as pointed out 
by these authors, millions of years of evolution in a cold environment should have 
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led to adaptive modification of proteins in order to maintain their stabili ty under 
natural conditionH. However, acclimation to cold temperature generally leads to 
increased mitochondrial capacity in white muscle (Guderlcy, 2004) and reactive 
oxygen species (ROS) arc a byproduct of the mitochondrial respiration (Boveris 
and Chance, 1973). These ROS may damage all types of biological molecules 
but, because of their high relative abundance in tissue composition. proteins arc 
a major target (Dallc-Donnc el al., 2003; Levine et al. , 1990; Shacter, 2000). 
A generally recognized role of the proteasome pathway is the degradation of 
oxidatively damag d proteins. Oxidatively damaged proteins are tagged by en-
zymes of the ubiquitinating pathway, and proteasome activity is also known to 
be highly responsive to oxidative stress (Friguet, 2006; Perepechaeva el al., 2006; 
Poppek and Grune, 2006). A higher level of oxidative modification of proteins 
could perhaps explain the higher rate of protein degradation at cold tempera-
ture. In the present study, neither protein-carbonyl nor TBARS contents were 
higher at low temperature; however, GSH concentration was significantly higher 
at low temperature. Unfortunately, the method used for GSH assay did not allow 
for assessment of GSSG, making it impossible to estimate the total glutathione 
pool, its redox state and thus the antioxiclant status of the fish. However, GSH 
concentration was shown to increase as a response to mild oxidative conditions 
(hyperoxia) in gills (Ritola et al., 2002a) and liver (R.itola et al. , 2002b) of rain-
bow trout. In the orth Sea eel pout ( Zoarces vivipamus) GSH levels were shown 
to increase following stressful exposure to low temperature (Heise el al., 2006). 
In the Antarctic eelpout (Pachycara brachycephal·um) , glutathione content is two 
to three times higher than in the orth Sea eelpout, and the ratio GSSG/GSH 
of the Antarctic eclpout was among the highest reported in the literature. The 
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authors argued that such a high ratio of GSSG/GSH and the high concentration 
of GSH were both characteristic traits of some polar fish, such that metabolic 
processes, adapted to function at low temperatures, arc also able to operate in 
a more oxidized redox en vironmenL (Heise et al., 2007) . In these studies, both 
GSH and GSSG were measured but, in all cases, the absolute content of GSH 
wa, increased following exposure to potentially stre::;sful conditions. As such, 
the higher content of GSH in cold-acclimated spotted wolffish possibly iudicatcs 
that the animal faces more oxidative conditions. The redox state of the glu-
tathione pool following acclimation to different temperatures would rlcfinitely be 
more informative but the daLa obtained in this study present a valuable point 
of departure. Reduced glutathione was Lhe only antioxidant investigated but iL 
could well be that antioxidant enzymes are participating in ROS detoxification in 
cold-acclimated spotted wolffish. For instance, in common carp, along with the 
ubiquitin- protcasome pathway transcripts, the transcription levels of the a.nt iox-
idant enzymes superoxide dismutase and glutathionc-S-transferase were upregu-
lated during cold acclimation (Gracey et al., 2004). 
2.6 Conclusion 
20S proteasomc activity seems to be a good proxy for protein degradation aL 
suboptimal temperature in spotted wolffish. T he eff ct of low temperature on 
the growth rate of juvenile spotted wolffish is attributed to the lower rate of pro-
tein synthesis and high proteasome activity resulting in lower protein retention 
efficiency and lower growth efficiency. High rate of protein degradation at low 
temperature is suggested as an adaptive response to keep the :teady- tate con-
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centration of oxidatively modified proteins at an acceptable level. Further work 
on mitochondrial ROS generation and the antioxidant status of fish is neverthe-
less needed to strengthen this hypothesis. Adaptation to a colder environment 
could involve tradeoffs between increased mitochondrial capacity and lower pro-
tein ret ention efficiency due to higher oxidative damages incurred by proteins 
when ROS production is higher. 
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White muscle 20S proteasome activity is negatively correlated to 
growth rate at low temperature in the spotted wolffi.sh (A nar·hichas 
minor; Olafsen) 
This chapter has been accepted in the Journal of Fish Biology subject to minor 
revision. 
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3.1 Abstract 
3.1 Abstract 
The effect of temperature and mass on specific growth rate (SGR) was examined 
in spotted wolffish of different size classes (ranging from 60 to 1500 g) acclimated 
at different t.emperat.ures ( 4, t:s and 12 °C) . The relationship between SGR and 
20S protca.some activity in heart ventricle, liver and whiLe muscle tissue was 
then assessed in fish acclimated at 4 and 12 °C in order to determine if pro-
tein degradation via the proteasome pathway could be imposing a. limitation on 
somatic growth. In heart , 20S proteasome activity was not affected by accli-
mation temperature and fish mass. No relationship was observed between heart 
208 proteasome activity and SGR. Hepatic 20S proteasome activity was higher 
at 12 °C but did not show a.ny relation with SGR. PaJ'tia.l correlation analysis 
showed that white muscle 208 proteasome activity was negatively correlated to 
8GR (partial Pearson's r = -0.609) but only at cold acclimation temperature ( 4 
°C). I suggest that acclimation to cold temperature involves compensation of the 
mitochondrial oxidative capacity which in turn leads to increased production of 
oxidized-damaged proteins that arc degraded by the proteasome pathway, and 
ultimately negatively affects 8GR at cold temperature. 
3.2 Introduction 
The wolffish family (Anarhichaclidae) consists of five species of which t.wo are 
found iu the Pacific, and three in the Atlantic. The spotted wolffish ( Ana:rhicha.s 
minoT) is a bottom-dwelling species distributed in the North Atlantic and the 
Barents Sea that was looked upon as a promising mnrinc fish species for cold 
48 
3.2 Introduction 
water aquaculture in Canada, orway and Iceland (Falk-Petersen et al., 1999; Le 
Fran<;ois et al. , 2002; l<o~s et al., 2004). It is generally found at depths ranging 
from 25-550m and temperatures from -1 to 7 oc (Bar~ukov , 1959). Reported 
specific growth rate (SGR) of newly hatched wolffish is between 4.5 and 5.1 % 
·day- 1 at temperatures between 12 and 14 oc (Hansen and Falk-Petersen, 2002; 
Savoie ct al., 2006; Savoie el al. , 2008) . As fish grow larger, SGR decreases to 
about 1 % · day- 1 in fish averaging 100 g and 0.4 % · day- 1 in Ii.sh of 400 g 
(Imsla.nd et al., 2006). This reduction in growth rate with increasing size has 
been observed in several other fish species (Brett, 1979; Jobling, 1985; Houlihan 
el al., 1986; Imsland et al., 1996). 
Growth is the net outcome of a series of behavioural and physiological pro-
cesses that begins with food intake and concludes with accretion of protein and 
other biomolecules. Growth rate mostly results from the difference between pro-
tein synthesis and degradation, and both growth components are infiuenced by 
body size (Houlihan et al., 1986) . In rainbow trout ( Onc01·hynchus mykiss ), 
higher fractional rates of protein synthesis and protein degradation arc found 
during the early life history stages and both decrease with increasing body mass, 
with the fractional rate of protein synthesis decreasing at a faster rate than pro-
tein degradation (Houlihan et al., 1986; Peragon et al., 2001). The decrease of 
growth rate with increasing :::;ize is generally accompanied by a reducLion of opti-
mal growth temperature (Toptsan) (Brett, 1979; Imsland el al., 1996; Bjornsson 
et al., 2007). For instance, during the first 60 days after hatching, ToptSGR of 
spotted wolffish is estimated to be between 10 and 12 °C (Hansen and Falk-
Petersen, 2002) . As the fish gain mass, ToptSGR decreases to 7.9 oc and 6.6 oc 
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in fish weighing 130-135 g and 360-380 g, respectively (Imsland et al. , 2006). In 
Atlantic wolffish (A. lupus), a close relative of the spotted wolffi ·h, the fractional 
rate of protein synthesis was shown to increase with temperature, while protein 
retention efficiency presented a parabolic relationship, being highest at optimal 
growth temperature and decreasing at lower and higher temperatures (McCarthy 
et al., 1999). Collectively these data suggest that protein degradation is a critical 
determinant. of growth and is influenced by both temperature Hud body size in a 
fashion independent from that of protein synthesis. 
One of the most important mechanisms of protein degradation is the ubiqui tin-
protcasornc pathway (UPP) in which proteins arc targeted for degradation by 
covalent bonding to ubiquitin. These proteins are then recognized and degraded 
by the proteasome. Genes involved in UPP were shown to be upregulated dur-
ing cold temperature acclimation in the common carp ( Cyprinus caryJio) (Gracey 
et al., 2004) and an annual killifish (Austrofundulus limnaws) (Podra.bsky and 
8omero, 2004). In rainbow trout , hepatic activity of 208 protcasome was nega-
tively related to growth rate (Dobly et al., 2004). More recently, in white muscle 
of""" 5g spotted wolffish, the rate of protein synthesis was shown to increase from 
4 to 8 °C with no further increase from 8 to 12 °C. However, in the same individ-
uals, 208 proteasome activity was maximal at 4 °C and decreased significantly in 
fish acclimated at 8 oc and 12 °C while growth rate was higher at 8 ar1d 12 oc 
(Chapter 2). These findings suggest that, along with reduced protein synthesis, 
protein degradation by UPP could be responsible for the lower protein retention 
efficiency and growth rate observed at low temperature. 
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Information on the activity of UPP in fish is scarce, particnlarly for marine 
fish species. There is little or no information available ou the activity of 208 
proteasome in different tissues or on the scaling relation with fish mass. The 
objectives of Lhe present study were to examine the relationships among SGR, 
temperature and fish mass as well as the relation between 8GR and the activity 
of 208 proL asome in >vhite muscle, liver and heart ventricle of spotted wolffish. 
Fish encompassing a wide range of mass (60 to 1500 g individuals) aud acclima.Lcd 
at high and low temperature (12 and 4 °C, respectively) were utilized . I chose Lo 
study heart and liver because they have high protein turnover while white muscle 
makes up to .SO% of total fish ma;s and its protein metabolism is closely related 
to whole body protein metabolism (McCarthy et al. , 1999). 
3.3 Materials and methods 
3.3.1 Growth trial 
The growth trial was carried out in the aquaculture facilities of the Centro 
Aqua.colc Marin do Granclc-Rivierc (QC, Canada). The juvenile spotted wolffish 
(mixed sexes) were the offspring of a captive brood stock population maintained 
at this facility since the year 1999. Prior to the growth trial, fish were hold at 
8 °C and fed ad libitum according to established protocols. The growth trial 
took place during the period of October 17th to December 6th 2006 for 51 days 
using fish of four size cla...c;ses with initial mass of 61.74±16.50 g, 125.3± 17.6 g, 
339.5±69.1 g and 1361±286 g. Growth data of fish having an initial mass of 
1.72±0.20 g were included from a previous growth trial (Chapter 2) . The fish 
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were individually marked using PIT tags (Avid Canada) at least one month prior 
to the growth trial in order to avoid any stress related to marking operations. At 
the heginning of the trial, fish were anaesthetized (benzocaine 50 mg L - 1), mass 
and length were recorded, and fish were randomly assigned (10 fish per size class 
per temperature) into one of the three shallow raceways supplied with aerata.ted 
sea water at 4 °C, 8 oc or 12 ac (4.41±0.23 °C; 7.81±0.07 oc and 11.73± 0.44 
°C) for the duration of the trial. The fish of different size classes were separated 
in the raceways by fences that were spaced to adjust fish densities to approxi-
mately 40 kg·m3 . Fish were hand-fed several times a day to satiety until uneaten 
food was left at the bottom of the tank. Feed used were Europa 15 (Skretting, 
NB, Canada) for fish up to 400 g and on AquaBrood 10 (Corey, B, Canada) 
for larger fish. Water quality was monitored daily for oxygen concentration and 
salinity. Fish were exposed to a 12/12 photoperiod, salinity was 29 %o, and oxy-
gen concentration was always over 80 % of saturation. 
At the end of the growth trial, fish were anaesthetized (50 mg·l- 1 benzocaine) 
and mass and length recorded. A muscle sample was tal<en from the deep dorso-
lateral region (care was used not to sample red muscle) and a sample of li vcr from 
the distal part of the bigger lobe was dissected. The heart was quickly excised, 
excess blood was washed out using phosphate buffered saline and all tissues were 
immediately frozen on dry icc and stored at -80 oc until laboratory analysis. 
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3 .3.2 Proteasome activity 
The chymotrypsin-like activity of 208 proteasome was assayed following 8hibatani 
and Ward, (1995). Approximately 100 mg of tissue sample was homogenized in 
10 volumes of lysis buffer for heart and liver and 5 volumes for white muscle 
using a Potter-Elvehjem (PTFE pestle and glass tube) and centrifuged at 20,000 
g at 4 °C for oue hour. The lysis buffer was composed of 0.1 mM EDTA and 
1.0 mM f-3-m 'rcaptoethanol in a 50 mM Tris buffer (pH 8.0). The a.<;say used 
the proteasome specific synthetic substrate LLVY-AMC (Biomol International, 
Plymouth Meeting, PA) and is based on detection of the fluorophore 7-Amino-4-
methylcoumarin (AMC) after cleavage from the labelled sub trate. Briefly, 50 J..Lg 
of protein from the supernatant was incubated at 15 oc with 40 J..LM LLVY-AMC 
and 0.0475% 8DS in 100 J..Ll of 100 mM Tris buffer (pH 8.0) for 30 min. T he reac-
tion was stopped with 300 J..Ll of SDS 1% and 1 ml sodium borate (0.1 MpH 9.1). 
Fluorescence was determined at excitation/emission wavelengths of 370/430 with 
a F-2500 spectrofluorirneter (Hitachi). A fresh standard curve of AMC, ranging 
from 0 to 100 nM, was prepared for each assay. Blanks were prepared by stopping 
the reaction prior to incubation and parallel samples were supplemented with 50 
,:.tM of MG-115 and 50 ,:.tM of MG-132 (Biomol International, Plymouth Meeting, 
PA) , two potent inhibitors of the chymotrypsin-like activity of the proteasome. 
The inhibitor sensitive activity is hereby reported as 208 proteasome activity us-
ing pmol AMC·hr- 1 ·50 J..Lg protein- 1 as a unit. In my previou study (Chapter 2) , 
the thermosensitivity of 208 proteasome was measured in rnuscl and liver and 
a Q10 of 1.33 was obtained. The activity measured at 15 °C was then converted 
to that at the acclimation temperature as detailed in Chapter 2. Protein con-
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centration in the sample was determined with a standardized colorimetric assay 
(Bio-Rad, Mississauga, Canada). 
3.3.3 Statistical analysis 
Results are presented as mean ± SD. Specific growth rate (SGR) was calculated 
using; SGR = [In (Mt) -In (M0)] · 1.00/t, where MJ and MO are final and ini-
tial mass and t (51 days) is the duration of the whole experiment. The effect 
of temperature on SGR was analyzed with a least squares second order poly-
nomial regression where SGR was regressed against temperature for five size-
classes. The regression formula. takes the form of: 8GR = aT2 + bT + c, where 
T = temperature, and a, b and c are constants determined by the regression. 
Optimal temperature for growth (ToptSGn) for ea.ch size-class was calculated using 
ToptSGR = ( ;~) from the parabolic regre::>sion. Maximum growth rate (Grnax) 
was calculated by substituting T by T optSGR in the parabolic equation for each 
size-class. The scaling relationship between mass and growth rate at each tem-
perature wa.<:> examined using regression analysis on the log transformed data 
using the following formula: LogY = Loga + b x LogX, where X is body 
mass, Y is SGR, a is a constant and b is the mass exponent (Brett , 1979). The 
regression slopes were compared with covariance analysis (ANCOVA (Zar, 1999)). 
The relation between 208 proteasome activities in various tissues and fish 
mass were examined by ANCOVA and data were log-transformed when necessary 
(determined by a residual analysis). A t test was used to compare the protein 
concentration in the supernatant used to measure 208 proteasomc activity of 
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fish acclimated nt 4 and 12 °C. To examine the relations between SGR and 208 
protcasome activities, a partial correlation matrix was constructed to remove the 
effect of ma..c:; on SGR for fish acclimated at 4 and 12 °C. The significance of 
the partial correlation coefficients was determined according t.o Zar (1999). A 
multiple regression analysis was used to quantify the effects of fish mass and 
white muscle 208 proteasome activity on SGR. Equality of variances was tested 
using Levene's test and residual normality was tested using Kohuogorov-Smirnov 
test with the correction of Lillicfors. All tests were two-tailed with a significance 
level of 0.05. All statistical analyses were performed using Systat 11. 
3.4 Results 
3.4.1 Effect of temperature and mass on growth 
No mortalities were observed during the experimental period with the exception 
of two fish from the 60 g group held at the 12 °C. The effect of temperature on 
SGR was described by a parabolic regression (Fig. 3.1). The equations of the 
regression lines were; 
SGR = -0.0212 x T2 + 0.443 x T + 0.349; r2 = 0.728 p < 0.001 (5 g fish) 
SGR = -0.0075 x T2 + 0.060 T + 0.259; r2 = 0.279 p = 0.017 ( 150 g fish) 
SGR = -0.0185 x T2 + 0.258 x T- 0.1892; r2 = 0.482 p < 0.001 (400 g fish) 
SGR = -0.0044 x T2 + 0.057 x T + 0.165; r2 = 0.088 p = 0.287 (1500 g fish) 
Optimal temperature for growth was highest for the 5 g group and decreased 
in bigger fish. There was a significant effect of temperatur in all size-class groups 
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except the 1500 g group. In the 60 g group, it was not possible to generate a 
regression wi th a positive a parameter (having only one summit) <:mel as such, 
ToptSGR could not be calculated. Fish from the 60 g size class were excluded from 
further analysis because there were mortalities in this group and because of the 
absence of temperature effect on growth rate. 
Specific growth rat.es in relation to fish mass for all experimental temperatures 
(4, 8 and 12 °C) arc presented in Figme 3.2. The rela tionships arc linear on a 
log-log scale and the slope for fish at 12 °C is significantly different from that 
at 4 and 8 oc (ANCOVA, F2,129 = 8.33, p<0.001). The maximum growth rate 
(growth rate a t optimal temperature G_max ) decreased linearly with mass on a 
log-log scale. The fitted power model corresponds to G _max= a W b, where W is 
fish mass, the intercept a= 4.82 and the exponent b = -0.37 (Fig. 3.3). 
3 .4.2 208 Proteasome activity 
The activity of the 208 proteasome was measured at the common temperature 
of 15 oc for white muscle, liver and ventricle of fish maintained at. 4 and 12 oc 
(Fig. 3.4). The extreme acclimation temperatures were selected because Lhcse 
condit ions were associated with the most pronounced difference in growth rate. 
White muscle presented the lowest activity, while ventricle and liver activities 
were in the same range and approximately 7-fold higher than white muscle. There 
was no significant interaction between the effect of mass and temperature for any 
tissue. The 208 proteasomc activity in white muscle was marginally correlated 
to fish mass only at 12 °C (208 proteasorne activity = -0.002 x mass + 9.185; 
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F ig ure 3.1: Changes in specific growth rate (SGR) with temperature for five 
different size classes of spotted wolffish. Approximate masses at the end of the trial 
are shown. The curves were fitted by the least squares second order polynomial: 
G = aT2 + bT + c where G i SGR, a, b and c are conslanls delerminecl by 
the regression. Values are means ± SD of 10 fish. Arrows indicate optimum 
temperature for growth (TaptSGR) calculated from the regression . Data for fish of 
5g are from Chapter 2. 
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Figure 3.2: Specific growth rate in relation to mean weight in spotted wolffish 
acclimated aL 4, 8 and 12 °C. Each dot represents the mean± SD of mass and SGR 
of ten fish. The equation for the regression lines were: logSGR = 2.46 X Mass-0.27 
r2= 0.81 (4 oc), logSGR = 4.55 X Mass-0.39 r2= 0.72 (8 oc) and logSGR = 5.82 
X Mass-0.51 r2= 0.75 (12 oc) and p<0.001 in all case. 
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Figure 3.3: Maximum growLh rate (G_max) in relation to fish mass in spotted 
wolffish at optimal temperature (ToptSGR) · Rates at optimal Lemperatures were 
determined based on the 2nd order polynomial relationship pre ented in Fig 3.1. 
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r2 = 0.154) while no relationship was observed at 4 °C. The activity of the 208 
proteasome in liver was higher at 12 oc (ANCOVA l'\,55= 17.41 p< O.OOl ) than 
4 °C and ::>lightly increased with mass (mass wa::> log transformed, ANCOVA 
F t,5s=6.01 p= O.O 17) . 208 Proieasorne activity in ventricle did noL change in 
relationship to eit her t emperature or mass of fish. 
3.4.3 Mass adjusted partial correlations and multiple re-
gresswn 
To examine the relation between 208 proteasome activity and SGR, the effect 
of mass on SGR was removed and a partial correlation matrix of SGR and 208 
proteasome activity in ventricle, liver and white muscle was calculated for fish 
acclimated at 4 ° C and 12 ° C (Table 3.1). Specific growth rate was negatively 
correlated with white muscle 208 protcasome activity at 4 °C (p < 0.002) but 
not with any other combination of tissue or acclimation temperature. 
Table 3.1: Partial correlation cocfficiPnts of 20S proteasome a.rtivity and SGR in 
tissues of spotted wolffish acclimated at 4 and 12 °C. The effect of fish mass was 
removed. 
Temperature 
Tissue 4 oc 12 oc 
Ventricle -0.187 -0.088 
Liver -0.001 -0.130 
Muscle -0.609* -0.202 
* p < 0.002 
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Figure 3.4: The activity of 208 proteasome in heart, liver and white muscle in 
relation to mean mass in spotted wolffish acclimated at 4 °C and 12 °C (black and 
gray lines, respectively); N = 8-10. Enzyme activity was measured at 15 oc and 
converted to acclimation temperature (see text for details) . 
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3.5 Discussion 
The primary aim of this study was Lo assess the relationship b tween 20S pro-
teasome acliviLy and growth in spotted wol.ffish. As such, iL was necessary to 
as::;css if growth was modulated, as cxpcdccl from previous work wiLh respect to 
temperature and size. Growth rate was significantly influenced by tempera ture 
and fish mass. T optSGR decrea..<;ed substant ially with size in spottecl wolffish, from 
10.4 °C for 5 g fish to 6.4 °C for fish > 400 g. The SGR and T optSGR measured in 
the present study arc very similar to what was previously reported for this species 
(Hansen and Falk-Petersen, 2002; lmsland et al., 2006). To my knowledge this 
is the first report on the ToptSGil for fish over 1.5 kg and our results suggest that 
the value is approximately the same for 400 g fish; however , care should be u::;ed 
in the interpretation of these data as only three temperatures were used. As 
fish lllass iucrea ·es SGR decreases linearly on a log-log ::;calc and thi relation 
was influenced by temperature as the decrease in SGR was more marked in fish 
acclimated at 12 oc compared to fish acclimated at 4 and 8 oc. The growth raLe 
at T01JtSGR (Gma:c) also decreased with increasing fish mass on a log-log scale with 
a slope of -0.37. Similar relationships have been found for cod (-0.40 to -0.45, 
Bjornsson et al. , 2001 ; Bjornsson et al. , 2007), immature halibut (-0.46 Bjorns-
son and Tryggvadottir 1996) and various salmonid species (-0.30 to -0.49, Brett, 
1979). These similarities point toward a common functional mechanism for the 
reduction of Gma'J' with increasing fish lllas::; among cold-water fish species. 
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3.5.1 20S Proteasome activity 
The cytosolic protein concentration in the supernatant following the 20,000 g cen-
trifugation used to assay 20S proteasome was not significantly different among 
acclimation groups in all tissues. Th chymotrypsin-like activity of 208 protea-
somc was approximately 7 times higher in liver and ventricle than in white muscle, 
reflecting the higher proteiu turnover in these tissues compared to whiLe muscle 
(Houlihan et al., 1986; Lewis et al., 2007). The relation:.hip between 208 protea-
some activity and fish mass was tissue specific. The activity of 208 proteasome 
increased with body mass in the hepatic tissue, decreased in white muscle only at 
12 °C and remained constant in cardiac tissue. 208 Protcasome activity generally 
decreases with mass and age in mammalian liver tissue (Conconi et al., 1996; 8hi-
batani et al., 1996). However, wolffish shows the opposite as hepatic activity of 
208 protea..c:;ome increased with fish mass at both temperatures. 208 protcasome 
activity in liver wa..'i not negatively linked to growth rate in the present study a..c:; it 
was shown for rainbow trout (Dobly et al., 2004). The study on trout compared 
fish selected for high or low growth efficiencies at. optimal temperature, whereas 
our study focused on fish acclimated at different temperatures without moni-
toring growth efficiency. Accordingly, results from both studies are not directly 
comparable. In the previous experiment, the activity of the 208 protcasome in 
white muscle of smaller wolffish (rv5 g) was found to be higher in cold acclimated 
spotted wolffish (Chapter 2) while this pattern was not found in this experiment. 
Besides, the smaller fish displayed a thermal optimum for growth that was 3 to 4 
°C above fish from the present study. These discrepancies between small and large 
fish could reflect changes of metabolic physiology during ontogeny of wolffish. It 
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suggests that the relative impact of protein degradation via 208 protcasome on 
growth rate at low temperature decreases as the fish grow. Nevertheless, the neg-
ative relationship observed between 208 proteasome activity and SGR in white 
muscle suggests that protein degradation via this pathway could also be a key 
limiting factor for growth of bigger fish (> 150 g) at cold temperature. 
Despite having a lower 20S proteasome specific activity than liver and heart , 
white muscle makes up approximately 50% of fish ma...'is, therefore, muscle con-
tribution to total 208 proteasome activity is substantive. The activity of 208 
protcasome was measured at a common temperature for practical reasons. Since 
it wa.s previously shown that the chymotrypsin-like activity of 208 proteasome 
was linearly related to temperature (Chapter 2) and the measured activities were 
corrected accordingly, I deem the presented data to accurately reflect activity at 
acclimation temperature. Also, since the cytosolic protein concentrations did not 
differ between acclimation groups, the relationship between growth rate and 208 
protea...'iome is not likely to be an artefact of the analytical procedure. 
At cold temperature, the results show that growth rate is to some extent 
controlled by protein degradation. Accordingly, individuals having a higher 20S 
proteasome activity have a lower growth rate. The rationale behind this indi-
vidual variability in the 208 protea.sorne activity is of course unknown but I can 
speculate on two aspects: 1) As nascent polypeptides undergo folding events that 
lead to the native state, there is a possibility that these proteins fold incorrectly or 
interact with other nascent polypeptides forming protein aggregates (Hochachka 
and Somero, 2002). This phenomenon could be exacerbated by acclimation to 
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cold temperature. 2) Proteins arc prone to oxidative damage by reactive oxy-
gen species (ROS) (Levine et al., 1990; Shacter, 2000). ROS are for the mm:;t 
part a by-product of the mitochondrial metabolism (Boveris and Chance, 1973). 
Both misfolded and oxidatively damaged proteins arc degraded by the protcasomc 
pathway (J:<]:iguet, 2006; Percpechaeva et al., 2006; Poppek and Grune, 2006). A 
recent study comparing Antarctic and temperate fish species showed that fish liv-
ing in the permanent cold (Antarctic) have a higher level of ubiquitin-conjugated 
proteins, an index of misfolded or damaged proteins (Todgham et al. 2007). The 
inter-individual variability of the 208 proteasome activity could reflect the incH-
vidual's capacity to synthesise and maintain natively folded proteins or variabili ty 
in mitochondrial oxidative capacity and its associated ROS production. 
3.6 Conclusion 
The relationships among fish mass, growth rate and the activity of 208 protea-
some in different t issues of spotted wolffish acclimated at high and low tempera-
ture were examined. The effects of temperature on growth rate of spotted wolffish 
of different size classes were similar to those previously reported. The relation 
between the maximum growth rate and fish mass described here was very similar 
to other fish species, suggesting that the effect of mass on growth rate is not 
species specific, at least for carnivorous species. In white muscle and at cold tem-
perature, the specific growth rate is negatively associated with 20S proteasome 
and this suggests that growth at cold temperature is impaired by the protcasomc 
pathway. Further studies arc necessary to determine whether this relationship is 
mediated by individual variation in the capacity to maintain properly folded pro-
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tcins or variation in mitochondrial capacity and its associated ROS production. 
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Mitochondrial capacity correlates with glutathione reductase and 20S 
proteasome activities in white muscle of spotted wolffish (Anarhichas 
minor, Olafsen). 
4 .1 A bstract 
This study documents the effects of acclimation to high and low temperature ( 4 
and 12 °C) on mitochondrial and antioxidant capacities in whiLe muscle, heart 
ventricle and liver of spotted wolffish. Following an acclimation period of 51 
days, mitochondrial capacity was measured as the activities of the Complex I of 
the mitochondria.! electron tran::;port ::;y::;tem (CPLXI) and citrate synthase (CS) . 
Glutathione' disulfide reductn.sc (CR) and catalase (CAT) activities, as well as 
glutathioue concentration were also measured to estimate antioxidant capacities. 
Following acclimation to 4 °C. mitochondrial capacities were cornpem;ated in liver 
and heart ventricle but not. in white muscle. GR activity was also enhanced at 
cold temperature in the three tissues while CAT activity was increased at the 
higher acclimation temperature in heart and white muscle. The relationships 
bciween rnitochondrial and autioxidant enzymes activities, wheu ob::;crved, were 
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positive (i.e. never negative). Only in white muscle was the activity of 208 pro-
teasome po::>itivcly related to the activity of complex I (r2 = 0.450) and to C8 
(r2 = 0.411) activities. Also, only in white muscle was a positive relationship ob-
served between 208 proteasomc and CAT activity and GSH concentration (only 
at 12 °C). These results suggest a. connection between mitochondrial capacity and 
protein degradation by the 20S protea::>ome, but whether or not thi::> link is medi-
ated by the neces::>ity to degrade protein oxidatively da.magcd by mitochondrial 
R08 production remains an open question. 
4.2 Introduction 
Many fish species exhibit positive thermal compensation at low temperature, a 
consequence of which is an increased capacity to consume oxygen and perform 
energetically demanding activities such as growth and swimming than would oth-
erwise occur. Acclimation at cold temperature generally involves adjustments of 
membrane composition, increases in mitochondrial volume density (the number 
and/or size of mitochondria per cells) and/or an increase in mitochondrial cristre 
density ( Guderley, 2004b). All these modifications generally result in enhanced 
mitochondrial activity per gram of tissue at low temperature. However, there arc 
potential negative consequences of enhanced mitochondrial volume/activity that 
must be handled. Mitochondria arc the major site for reactive oxygen species 
(R08) generation (Boveris and Chance, 1973). Consequently, given the higher 
solubility of oxygen in cold water and the higher proportion of unsaturated fatty 
acids in membranes, the drawback of increasing the mitochondrial capacity is the 
associated risk of raising ROS production and oxidative damages. R08 may clam-
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age all types of biological molecules but because of their high relative proportion 
in tissue, proteins are a major target for oxidation (Levine et al., 1990; Shactcr 
2000; Dallc-Donnc et al. , 2003). Some oxidation products can be repaired within 
protein by specific enzymes (Holmgren el al., 2005) but the bulk of oxidized pro-
teins has to be degraded by the protcasomc pathway (Coux et a.l., 1996; Friguct, 
2006) and replaced by synthesi~:> , increasing protein turnover at high metabolic 
cost (Fraser and Rogers, 2007). In the protcasornc pathway, short-lived, mis-
foldcd and oxidized proteins IHC targeted for degradation by covalent ligation to 
ubiquitin, a highly conserved small protein. Ubiquitinatcd proteins arc then rec-
ognized and dcgTadcd by the protcasornc (Glickman and Cicchanovcr, 2002). The 
activity of Lhc 208 protcasomc in white muscle of spotted wolffish (Anarhichas 
mino1·) acclimated to cold temperature ( 4 oc) is associated with reduced specific 
growth rate (SGR) (chapter 2 and 3). Evidence points toward the possibility that 
high activities of 208 protcasome at 4 oc could be linked to an increased ROS 
production as the concentration of reduced glutathione (GSH) was also increased 
in cold acclimated fish (chapter 2). 
The objective of the present study was to determine if there is a compensation 
of mitochondrial capacities during acclimation to high and low temperatures in 
wolffish, and if so, if it is associated with a concomitant adjustment of antioxi-
dant enzymes and 208 protcasomc activity. Following an acclimation period to 
cold and warm temperatures (4 ru1d 12 °C, respectively), mitochondrial capacity, 
208 proteasomc activity and antioxidant defences were examined in white muscle, 
heart ventricle and liver of spotted wolffish. Mitochondrial capacity was assessed 
as the activity of citrate synthase (C8; EC 4.1.3.7) and complex I of the elec-
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tron transport system (NADH:ubiquinonc oxidoreductase, CPLXl; EC 1.6.5.3). 
Antioxidant defences were mcasur 'd as the concentration of GSH, as well as ac-
tivities of glutathione-disulfide reductase (GR; EC 1.8.1.7) and cata.lase (CAT; 
EC 1.11.1.6). The concentration of thioba.rbituric reactive substances (TBARS) 
was used as an index of lipid pcroxidation by the ROS. Finally, the link among 
mitochondrial capacity, antioxidant capacity and 208 protcasome activity was 
examined. 
4.3 Materials and methods 
4.3.1 Fish and sampling 
Spotted wolffish (Anarhichas minor-, Olafsen) were selected from a population of 
fish held at 8 °C and fed to satiety according to established protocols. Thereafter, 
fish were acclimated to either 4 ac or 12 ac for a period of 51 days. Fish of three 
size classe with initial mass of 125±17 g, 339±69 g and 1361±2 6 g were utilized. 
Details of animal husbandry arc presented in chapter 3. Fish were anesthetised 
using benzocaine (50 mg·l- 1) and samples of liver, heart and white muscle were 
immediately frozen on dry icc and transported to the laboratories in Rimouski 
(QC, Canada) to be stored at -80 oc unt il further analysis. The white muscle 
sample was dissected from the deep dorsolateral region and care was used not to 
include red muscle. For liver, the distant part of the bigger lobe was sampled 
and care was used to avoid contamination from bile. The heart was flushed 
with homogenization buffer (see below) prior to freezing to remove the blood and 
only the ventricle was used. All animal protocols were in accordance with the 
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recommendations of the Canadian Council of Animal Care and approved by the 
Animal Care Committee of the Universite du Quebec a Rimouski. 
4 .3.2 Tissue extraction 
Tho throe tissues were homogenized 3 X 10 seconds in 10 volumes of icc-cold ho-
mogenization buffer using a. Heidolph Diax 900 (Heidolph Instruments, Germany). 
The homogenization buffer was a 10 mM phosphate buffer containing 137 mM of 
NaCl and 2.7 mM of KCl (pH 7.4) . The homogenate was centrifuged at 5 000 g 
at 4 °C for 10 min (Thermo IEC Micromax RF benchtop centrifuge). Enzyme ac-
tivities were immediately measured in the supernatant while aliquoLs were stored 
at -80 °C for the subsequent determination of protein content, TBARS and GSH. 
208 proteasome activity was measured in a separate sample as it necessitates the 
use of a different homogenization procedure. The activity of 208 proteasome was 
measured as described in chapter 3 but the results were not adjusted to accli-
mation temperature using the Q10 as all enzymes activities compared here were 
measured at 15 °C. 
4 .3.3 Mitochondrial and antioxidant enzyme activities 
CPLXI , CS, glutathione disulfide reductase (GR) and catalase (CAT) activi-
ties were measured using uv /vis spectrophotometers (Lambda 11 PerkinElmer 
Woodbridge, Canada for CPLXI and CS; Ultrospec 3100 Pro, Bio hrom, Cam-
bridge, MA, USA for GRand CAT) both equipped with a circulating refrigerated 
water bath. All enzyme activities were assayed at 15 °C and the linearity of each 
method was ascertained in preliminary experiments (not shown). Mitochondrial 
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and antioxidant enzymes were assayed on 8 fish per size group per temperature. 
The complex I is located in the inner mitochondrial membrane and catalyzes 
the transfer of electrons from K ADH to coenzyme Q; it is the first step of the mi-
tochondrial electron transport system. The activity of CPLXI was assayed at 600 
nm in an incubation volume of 1.0 ml containing 25 mM potassium phosphate, 
3.5 g·l- 1 bovine serum albumin (BSA), GO p,M 2,6-dichloroindophenol (DCIP) , 70 
f-1· 1 decylubiquinone, 1.0 p,M antimycine-A, and 0.2 mM NADH, pH 7.8. After 
preincubating 20 JtL of homogenate in a 960 11.L reaction mixture without ADH 
for 3 min , 20 p,l of 10 mM J ADH was added and the change in absorbance at 
340 nm recorded for 4 min. After 4 min, 1 p,l rotenone (1 mM in dimethyl sulfox-
ide) was added and the absorbance was measured again for 4 min. The rotenone 
sensitive activity was consider d to be the activity of CPLXI. The activity was 
expressed as U ·mg protein- 1, in which 1 U of CPLXI activity equals 1 p,mol DCIP 
reduced per min (extinction coeffi ient = 21.0 m ,I- 1 ·cm- 1 ) (Janssen el al. , 2007). 
Citrate synthase is the first step of the citric acid cycle; it catalyzes the con-
densalion reaction of the two-carbon acetate residues from acetyl coenzyme A 
and oxaloacetate to form the six-carbon citrate. The activity was assayed in are-
action mixture containing 100 mM imidazole, 0.3 m 15,5'dithiobis-2-nitrobenzoic 
acid (DT !B) and 0.3 rnM acetyl-CoA, pH 8.0. The reaction was initiated by the 
addition of 40 p,l of the tissue extract and 100 p.l of oxaloacetic acid (0.1 mM final 
concentration). Absorbance at 412 nm was recorded over 4 min. One activity 
unit equals the formation of 1 p,mol 5-thio-2-nitrobenzoic acid p r min (DTNB 
extinction coefficient = 13.6 mM- 1·crn- 1)(Srcre, 1969). 
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Glutathione reductase is a flavoprotein catalyzing the ADPH-dependent re-
duction of glutathione disulfide (GSSG) to reduced glutathione (GSH). The GR 
assay mbcturc consisted of 10 t.L 1 ADPH, 1 mM GSSG, 2 mM EDTA and 1.3 
g·l- 1 BSA in potassium phosphate buffer (0.2M pH 7.0). The assay volume was 
500 ILL and the decrea..'ie in absorbance at 340 nm was recorded for 4 min. A 
unit of GR activity was defined aH t.hc amount of enzyme that catalyze::; the re-
duction of 1~-trnol of NADPH per minute (NADPH extinction coefficient = 6.22 
mM- 1 ·cm- 1; modified from Carlberg and Mannervik (1985). 
Catalase catalyses the decomposition of hydrogen peroxide inLo molecular 
oxygen and water ·without the production of free radicals. The catalase assay 
mixture consisted of 50 mM potassium phosphate buffer containing 50 mM I-120 2 
(pH 7.0). The disappearance of hydrogen peroxide was directly followed at 240 
nm for 1 min using extinction coefficient of 43.6 M-1·cm- 1 (Chance and 1aehly, 
1955; Livingstone et al., 1992). One activity unit was equal to 1 ~-tmol of H202 
decomposed per min. 
4.3.4 TBARS and GSH 
Free radical damage to lipids results in the generation of malonedialdehydc ( IDA). 
The thiobarbiluric acid reactive substances (TEARS) , which arc mainly MDA, 
were used as an index of lipid peroxidation in tissue samples. The assay was 
performed using a commercially availalle kit (Zeptometrix, Buffalo, NY, USA). 
The kit was used as recommended by the manufacturer except. thai the assay 
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was down caled to be performed in microtubes; 20 rd of sample was added to 
20 J.Ll of the supplied SDS solution followed by 500 J.tl of the TBA reagent. The 
tubes were incubated at 95 oc for 60 min along with a standard curv for MDA 
(0 to 4 nmol·ml- 1). After cooling, the tubes were centrifug d at 10,000 g for 5 
min; the fluorescence of the supernatant at excitation/emission wavelengths of 
530/550 was recorded using a Hitachi F-2500 spectrofluorometer (Hitachi High 
Technologies, San Jose, CA, USA) and. Lhe MDA equivalent conceuLraLion ex-
trapolated from the standard curve. The results arc presented as the average of 
three replicates and expressed in nmol·g tissue- 1 . 
GSH is the principal intrarellular low molecular weight thiol and plays a crit-
ical role in the cellular defence against agents that impose oxidative stress. The 
GSH concentration was measured according to Kamencic et al. (2000). Re-
duced glutathione is combined with monochlorobimanc (mCB) by the enzyme 
glutathione-S-transferase (GST) to form a fluorescent GSH-mCB adduct thai 
cau be quantified by ::;pectrofluorornetry. The homogenate wcu; incubated in trip-
licate for 30 min at room temperature with mCB aud GST at a final concentration 
of 100 f.LM and 1 U·ml- 1, respectively. After centrifugation (5,000 g, 5 min) the 
fluorescence of the supernatant was recorded (excitation/ emi sion wavelengths of 
380/470 nm) and the GSH concentration was extrapolated from a standard curve 
(0-100 J.LM). To quantify the concentration of oxidized glutathione GSSG, one di-
luted aliquot from each sample was completely reduced by the addition of 15 f.Ll of 
4 M triethanolamine (TEA) to determine the total amount of GSH. To calculate 
GSSG, the amount of reduced GSH was subtracted from the TEA-treated sample 
and divided by two to account for the dimcrization (Chapman et al., 2005). 
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4.3.5 Statistical analysis 
Analy e. of covariance (A TCOVA) were used to examine the effect of fish mass 
and a climation temperature on enzyme activities, TEARS and GSH concentra-
tion. The relationships between enzymes activities were examined (ANCOVA) 
using fish mass a::; a covariate and ternpera.ture a.s a factor. \Vhen it was ncce::>sary, 
fish mass was log transformed to fulfill the as:;umptious of residuals nonuality and 
independence with predictors. SYSTAT 11 (SYSTAT Software Inc.) was used to 
perform all statistical analyses. 
4.4 Results 
The growth results of the three size classes at 4 and 12 oc are presented in 
Chapter 3. 
4.4.1 Enzyme activities, GSH and TBARS levels 
No effect of fish mass on mitochoudrial and antioxidant enzyme activities, GSH 
or TBARS concentrations was observed at the two temperatures. Acclimation 
to low temperature ( 4 oq led to a significant compensation of CPLXI activity 
in ventricle (F 1,42 = 34.22 p< 0.001) and liver (F 1,43 = 6.85 p= 0.012) but not 
in white muscle (Table 4.1) . In liver, there was a significant compensation of 
CS activity (F1•43 = 29.48 p< O.OOl) that was not observed in heart or white 
mu, cle. In ventricle and white muscle, the ratio of CPLXI to CS activity (ratio 
CPLXI/CS) ratio was significant ly higher in fish acclimated at low temperature 
(ventricle F1,41 = 21.64 p< 0.001; white muscle F1,45 = 9.54 p = 0.003) while no 
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effect of temperature was detect ed in liver. 
The GR activity was higher (F1,.13 = 4.72 p = 0.035) and CAT activity wal:i 
lower (F1.43 = 20 .. 57 p<O.OOl) in ventricle of fish acclimated at 4 oc (Table 4.2). 
The same observations were made in white muscle (F1,48 = 5.07 p = 0.029 and 
F1.48 = 4.66 p = 0.036, respectively) . In liver, GR activity was also higher at. 
low temperature (F\,42 = 44.73 p<O.OOl) but. there was no effect of acclimatioiJ 
temperature on CAT activity. 
Tissue levels of GSH and TBARS arc presented in Table 4.3. There were no 
significant effects of temperature on GSH concentration in ventricle, liver and 
white muscle but there was a trend in white muscle for increased GSH concen-
tration at 4 °C (F1,53 = 3.92 p = 0.053) . The concentration of TBARS in the 
liver, ventricle and white muscle was unchanged following acclimation to high or 
low temperatme. The reduction of the sample with TEA did not result in the 
detection of measurable levels of GSSG. 
4.4.2 Relationships between mitochondrial capacity and 
ant iox idant defences 
A)l'COVAs using fish mass as a covariate and temperature as a factor were used 
for the analyses of the relations between enzyme activities (or GSH concentra-
tion). In heart ventricle, no relationships were observed between GR activity 
and mitochondrial enzymes Complex I and CS (Fig 4. l a and b). There wa.s no 
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Table 4 .1: Activitif'-S of t.he mitochondrial enzymes citrat' synthase ( S) and 
complex I, and the ratio of complex I vs. CS activity (CPLXI/CS) in heart ventri-
clE', liver and white muscle of spotted wolffish acclimaterl at. 4 and l2°C. The data 
represent the average of the three size classes combined but the st.atistical analyses 
included fish mass as a covariat<'. 
Enzyme 
(a) Ventricle 
Complex I 
cs 
Ratio CPLXI/CS 
(b) Liver 
Complex I 
cs 
Ratio CPLXI/CS 
(c) Muscle 
Complex I 
cs 
Ratio CPLXI/CS 
Temperature 
21.66 ± 5.68 12.64 ± 3.17* 
71.94 ± 10.08 68.91 ± 13.57 
0.30 ± 0.08 0.19 ± 0.06* 
9.81 ± 4.69 
9.15 ± 1.49 
1.06 ± OA7 
1.98 ± 1.01 
17.76 ± 8.81 
0.12 ± 0.05 
6.67 ± 2.43* 
6.69 ± 1.30* 
1.06 ± 0.4 
1.72 ± 0.87 
22.14 ± 14.03 
0.08 ± 0.03* 
Enzyme activities arc expressed in mean ± SD U·g prot- 1; =25-30 
*Significant difference between temperature groups (ANCOVA). The F-ratio 
and P values arc provided in the text. 
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Table 4.2: Activities of antioxidant enzymes catalase (CAT) and glutathione 
reductase (GR) in heart ventricle, liver and white muscle of spotted wolffish ac-
climated at 4 and 12 °C. The dala represent the average of the three size classeti 
combined but the statistical analyses included fish mass as a COV'a.ria.le. 
Enzyme 
(a) Ventricle 
CAT 
GR 
{b) Liver 
CAT 
GR 
(c) Muscle 
CAT 
GR 
Temperature 
56.66 ± 16.38 86.55 ± 21.77* 
46.47 ± 6.83 40.23 ± 10.3* 
113 ± 35 
20.4 ± 1.9 
123 ± 42 
15.4 ± 3.2* 
63.62 ± 27.49 90.83 ± 56.77* 
1.81 ± 0.52 1.48 ± 0.41 * 
Enzyme activities are mean± SD expressed in U·g prot- 1 i = 25-30 
*Signifi ant difference between temperature groups (A COVA). The F-ratio 
and P values arc provided in the lcxl 
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Table 4.3: Concentration of reduced glutathione (GSH) and TBARS in ventricle, 
liver and white muscle of spotted wolffish acclimated at 4 and l2°C. The data 
represent the average of the three size classes combined bu t t he statistica l analyses 
in ·!ndcd fish mass as a covariate. 
Enzyme 
(a) Ventricle 
GSH 
TI3ARS 
(b) Liver 
GSH 
TBARS 
(c) Muscle 
GSH 
TBARS 
Temperature 
9.37 ± 1.23 
37.14 ± 8.31 
12.50 ± 2.18 
38.81 ± 7.65 
7.01 ± 1.52 
12.79 ± 3.45 
9.65 ± 2.02 
39.49 ± 8.47 
12.9 ± 2.46 
36.74 ± 8.73 
6.20 ± 1.58 
12.33 ± 4.62 
Concentration in nmoles · mg prot- 1 ; Values are mean± SD; n = 25-30 
*Significant difference between temperature groups (A COVA). The F-ratio 
and P values arc provided in the text. 
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relationship between GR and Complex I activities in the liver. At 12 oc, there 
was a highly significant positive relationship between CS and GR activities (r2 
= 0.657, p < 0.001) which was not observed at 4 oc (Fig 4.1d). In the white 
muscle, the activity of GR was positively related to Complex I activity and this 
relation was independent of weight and temperature (r2 = 0.11 , p = 0.011; Fig 
4.1e). A tenuou::; relationship between GR and CS activities was ob::;crved at 12 
oc (r2 = 0.195; p = 0.031; Fig 4.1f), but not at 4 °C. 
In heart, CAT did not display significant relationships with Complex I or CS 
(Fig 4.2a and b). In liver, a significant posit ive regression was found between 
CAT and CS activities. The slopes of the regressions were not different between 
the two temperatures but the elevation was higher at 12 oc (r2 = 0.165 p = 0.017 
and r2 = 0.34, p = 0.014 for 4 and 12 oc, respectively; Fig 4.2d). In white muscle, 
there was a significant relationship between CAT and Complex I only at 12 oc 
(r2 = 0.329, p = 0.002; Fig 4.2c). 
A significant relationship between CS and GSH was observed in heart ventri-
cle. This relationship was independent of mass or temperature (r2 = 0.275, p = 
0.002; Fig 4.3b) . No relationships were observed between GSH and Complex I 
or CS in liver. Finally, in white muscle there was a positive relationship between 
Complex I activity and GSH concentration at 12 °C only (r2 = 0.244, p = 0.004; 
Fig 4.3e). 
79 
~ 
0 
.... 
a. 
Cl 
2 
~ 
·;;; 
·.::; 
\J 
Ill 
ex: 
\.!) 
(a) 
" X <> 
c 
x" 
)( 
X 
X 
40 
" 
X>" 
X 
X)( X 
X X 
3) )( X 
ala 10 al 3) 40 
25 
Q (c) 
X 
0 
-;," 
X 
0 6' 
0 0 
al 
o..<. (l 00 c> 
" X 0 xx X 
)( 
15 )( X 
X~ 
>( 
>( X 
X 
10 
0 5 10 15 al 25 
3 (e) 
)( X c 
~ o X 
2 0 
0 <I n":;x o .-sr-::---
.< X~ o_ .... -~ .. 0 o 
---a-v~·---7) XX )( 
x lfx 
1 )( 
X o 0 o )( 
0 ~X >( 
2 3 
Complex I activity 
(U. g prot-1) 
4 
4.4 Results 
(b) 
<>" X<> 
.. 
C>O 
X )0 )( 
)( 
)0<!> 
40 )( X 6' . 
)( X X 
)( X 
3) )( X 
al 
40 !11 00 70 00 g) 100 
25 
0 (d) 0 
al 
15 
, )( 
)( 
A 
X 
X 
X 
X 
10 0 5 10 15 
3 (f) 
X 
0 )( 
2 0 c. ox -~ 
00 8) )(. ---
oox <x c:...----~-
~ X ~~ <l )( o X 
)()( X X 
"''"' 1~ xox 'j( 
10 
>( 
al 3) 40 
CS activity 
(U . g prot-1) 
X 
Figure 4.1: Activity of glutathione reductase (GR) in relation to Complex I and 
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f) of spotted wolffish acclimated at 4 and 12 oc (o and x , respectively). The 
regression lines in (d) and (f) are for 12 oc only (see text for details) while it is for 
both temperatures in (e). 
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Figure 4.3: Reduced glutathione concentration (GSH) in relation to Complex I 
and CS activities in heart ventricle (a and b), liver (c and d) and white muscle (c 
aml f) of spotted wolflish acclimated at 4 and 12 oc (o and x, respectively). The 
regression line in (b) is for both temperatures while in (e) is for 12 oc only (see 
text for details) . 
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4.4.3 20S proteasome activity in relation to mitochondrial 
and ant iox idant enzyme activities 
4 .4.3.1 White muscle 
208 proteasorne activity for the three size classes of wolffish at two acclimation 
temperature:; is presented in chapter 3 (Fig. 3.4). In white mui:lcle, a multiple 
regression described the activity of 208 proteasome using complex I activity and 
fish mass (log) . The relationship was independent of acclimation temperature 
and took the form of: 208 proteasome = 1.634 x Complex I 2.003 X (log)m!:l..':>S 
+ 10.382 (r2 = 0.450, P(Complexl) < 0.001 where P(Complexl) is the p value of the t 
test for Complex I as a predictor). The relationship between Complex I and 208 
proteasome activity is shown in Fig 4.4a; it is, however, important to note that 
the effect of mass is not represented in that figure. A similar relationship was also 
detected at 4 °C between C8 and 208 proteasornc activities with the equation 
208 proteasome = 0.102 x CS - 2.371 x (log)rnass + 13.104 (r2 = 0.411 , P(cs)) 
< 0.043, where P(CS} is the p value of the t test for C8 as a predictor; Fig 4.4b). 
No relationships were observed between GRand 208 proteasorne activities. At 12 
°C there was a positive relationship between G8H concentration, fish mass and 
208 protea.<>ome activity; 208 protea.'lome = 0.983 x G8H · 2.976 x (log)ma.<>s + 
10.159 (r2 = 0.466, P(GSH) = 0.005, where P(GSH) is the p value of the t test for 
G8H as a predictor; Fig. 4.4d). A positive relationship that was independent of 
mass was observed between 208 protcasome and CAT activities (r2 = 0.386, p < 
0.001; Fig 4.4e) at 12 °C. 
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Figure 4.4: Activity of 208 proteasome in relation to Complex I activity (a) , 
CS activity (b) , GR activity(c), GSH concentration (d) and CAT activity (e) in 
white muscle of spotted wolffish acclimated at 4 or 12 oc (o and x , respectively). 
Regression line in (a) is for 4 and 12 ac, only for 4 ac in (b) and 12 oc in (d) and 
(e) Details on the relationships are provided in the text. 
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4.4.3.2 Liver and heart ventricle 
Relationships between 20S proteasome activity and antioxidant or mitochondrial 
enzymes were not detected in liver and heart. In liver, a negative relationship 
was observed among 208 proteru:;ome activity, GSH concentration and weight. 
There was no significant ef[ect of temperature and t.he equation of the regrc:::;sion 
was: 20S protcasomc = -2.677 x G8H - 7.257 x (log)mass + 61.381 (r2 = 0.403, 
p(G8H) < 0.001 , where P(GS/J) is the p value of the t test for G8H as a predictor; 
Fig. 4.5). In heart no relationships were detected between 208 proteasome and 
GSH level. 
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Figure 4.5: Activity of protea.some 208 in relation to GSH concentration in liver 
of spotted wolffish acclimat<'d at 4 or 12 oc ( o and x , respectively). Details on the 
relationship are provided in the text. 
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4.5 Discussion 
The present study investigated whether acclimation to low and high temperatur . 
in spotted wolffish led to compensation of mitochondrial oxidative capacity in 
different tissues and, if so, if there was a parallel increase in antioxidant enzyme 
and/or 20S protea.-,omc activities. 
4 .5 .1 Mitochondrial enzymes 
Acclimation to cold temperature resulted in a compensation of mitochondrial 
capacity in heart ventricle and liver but not in white muscle. There is a differ-
ence in the way hepatic and cardiac muscles mitochondrial activity responded 
to temperature. In liver, there is an elevation of both CPLXI and CS activities 
without significant changes in the CPLXI/CS ratio. In the ventricle, acclimation 
to low temperature almost double8 (1.7 times) the activity of CPLXI while CS 
activity remains stable. This results in a significantly higher CPLXI/CS ratio in 
the cold acclimated wolffish. Although neither of the individual activities of CS 
or CPLX1 changed significantly in skeletal muscle, the CPLXI/CS ratio is signif-
icantly increased following cold acclimation. Such a change in the ratio of these 
two enzymes, as seen in muscle and heart, could be indicative of an ultrastruc-
tural change (i.e. increase in cristre density relative to mitochondrial volume) 
in cold acclimated mitochondria as it was previously observed by St-Pierre et 
al. (1998) . However, the link> between enzyme activities and ultrastructure arc 
tenuous and for now only speculative. Positive compensation of mitochondrial 
enzyme activities is, generally but not always, observed following cold acclima-
tion in fish nmsclcs (Blicr and Gudcrley, 1988; Gudcrlcy and Gawlicka, 1992 and 
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Thibault et al., 1997; reviewed in Guderley, 1990). The reasons for these incon-
sistencies are not well understood but it could reflect the condition and strain 
of fish, the analytical methods (St-Pierre et al. , 1998) or whether the studie::; 
focus on seasonal or artificial acclimation. The benthic and sedentary nature of 
wolffish could also explain the lack of compensation in white muscle. It suggests 
that there is no requirement for compen::;ation of aerobic capacities in the white 
muscle of this species in this temperature range as is observed in heart a.nd liver, 
two highly aerobic tissues. 
4 .5.2 Antioxidant systems 
Glutathione is one of the primary low molecular weight antioxidants in the cell 
and forms the front-line defence against ROS. Reduced glutathione is oxidized 
to glutathione disulfide (GSSG) in the presence of ROS. This reaction can be ei-
ther spontaneous or catalyzed by glutathione peroxidase (Meister and Anderson, 
1983). The maintenance of a high GSH/ GSSG ratio is of vital importance for 
the cell to maintain a proper redox state. The high GSH/ GSSG ratio is main-
tained by enzymatic reduction of GSSG to GSH by the action of GR (Carlberg 
and Mannervik, 1985) and/or de novo synthesis of GSH. In the present study, 
acclimation to low temperature is not accompanied by a significant increase of 
GSH content in any tissue. This contrasts with the result presented in chapter 2 
ancl might be an indication that oxidation status of sml'l.ller fish is more sensitive 
to cold temperature t han bigger fish. In a study on the effects of temperature 
on GSH metabolism of killifish ( Hmdulus hetemditus) , Leggatt et al. (2007) 
observed GSH concentrations very similar to those noted in the present study. 
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These authors reported GSSG concentrations that are less than 5 % of the total 
GSH pool. Here, the lack of detection of GSSG similarly implied very low levels 
of GSSG in wolffish tissues. 
In the three studied tissues, the activity GR is higher (only marginally in 
white muscle and heart) following acclimation at cold temperature. These data 
contrast with previous studies on killifish where Lcggatt et al. (2007) did noi 
observe compensation of liver GRin response to temperature when mea...'3ured at 
a common temperature. This divergence with Leggatt et al. (2007) could reflect 
differences between antioxidant strategies of curythcrmal (i.e. F. heteroclitus ) and 
stenothermal (A. minor) species. In an earlier study comparing Lhe antioxidant 
enzymes activities in related Arctic and temperate fish species, Speers-Roesch 
and Ballantyne (2005) observed similar GR activities in the liver of fish inhab-
iting the two thermal habitats. The Speers-Roesch and Ballantyne (2005) study 
involved interspecific comparison as opposed to my intraspecific study. 
In heart ventricle and white muscle, an increase of CAT is observed at high 
acclimation temperature while it remains elevated at both temperatures in liver . 
Overall, the response of CAT activity to acclimation temperature is the oppo ite 
of that of GR. In goldfish catalase is also shown to inversely compensate during 
temperature acclimation, i.e. its activity increases with acclimation temperature 
(Hazel and Prosser, 1970; Sidell et al., 1973) . This relationship of catalase with 
temperature might be the result of the primary association of catalase with per-
oxisomes (de Duvc, 1996). In winter acclimated rainbow trout , mitochondrial ox-
idation of palmitoyl carnitine and palmitoyl carnitinc transferase activity (CPT) 
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are compensated compared to summer acclimated trout (St-Pierre et al., 1998). 
This suggests that at cold temperature, JJ-oxidation of fatty acids preferentially 
occurs in mitochondria, hence lhc reduction of peroxisomal activity (i.e. catalase 
activity) in the white muscle and ventricle of cold acclimated spotted wolffish. 
Conversely, the generally observed higher catalase activity in fish acclimated at 
warmer temperature could be associated with an increase of long chain fatty acid 
,8-oxidation in the peroxisomes. 
Acclimation to low temperature did not alter the concentration of TBARS. 
TBARS arc shown to be responsive to conditions leading to oxidative stress such 
as an acute exposure to high and low temperature in the orth Sea eclpout 
(Heise et al., 2006a; Heise et al. , 2006b). North Sea eclpout sampled during 
winter presented higher TBARS concentration than summer fish (Heise et al., 
2007). However, in a second study on the same species, TEARS were higher 
during summer ( AlmroLh et al., 2005). TBARS concentration was also shown to 
be higher during summer in the skeletal muscle of Atlantic salmon (Salmo salm·) 
(N ordgarden et al., 2003). This indicator of lipid peroxidation is probably more 
useful in the evnlnat.ion of the f'fkrts of an arutc stressor on lipid peroxidation 
and the redox state of cells than it is in mid- to long-term acclimation studies, 
as suggested by the equivocal results obtained in seasonal and temperature ac-
climation studies. Nevertheless, the absence of a significant difference of TEARS 
concentration in wolffish acclimated at 4 and 12 oc may be a result of sufficient 
antioxidant systems at both temperatures. 
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4.5.3 Relationships between mitochondrial capacity and 
antioxidant defences 
Contrary Lo expectation:>, the relation:;hips between antioxidant and mitochon-
dria.! enzymes arc far from evident. Antioxidant enzymes, in white muscle often 
show a positive relationship with mitochondrial enzymes while in heart (in which 
mitochondrial capacity is almost ten times higher) no relationships arc detected. 
In heart, the only positive relationship detected occurs between CS activity and 
GSH concentration. This sugge::;ts that antioxidant strategies may vary between 
tissues. A positive relationship was also found between CS activity and super-
oxide dismutase and glutathione peroxidase (two other antioxidant enzymes) in 
the tissues of various bathy- and mesopelagic fish species (Jansr:;ens el al. 2000). 
Leary et al. (2003) also found a positive relation between CCO and various 
antioxidant enzymes in red and white muscle and heart of rainbow trout; how-
ever , these authors compared antioxidant and mitochondrial enzymcr:> activities 
between different fibre types instead of within, as in the present study. On the 
other hand , the finding by Speers-Roesch and Ballantyne (2005) of a negative 
relationship between CCO and SOD, CAT and to a lesser extent GR highlights 
the ncccsr:>ity of further studies to elucidate the relationships between aerobic and 
antioxidant capaci tics. 
4.5.4 20S proteasome activity in relation to mitochondrial 
and antioxidant enzymes activities 
Again, the relationship between 208 protcasome and mitochondrial enzymes arc 
not consistent in the three tissue:; studied. The only relationships found are in the 
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white muscle (Fig. 4.4a,b) while no relationships are observed in liver and heart. 
In white muscle there is a strong association b etween the capacity for protein 
degradation and aerobic metabolism. lt is surprising that the only relationship 
is found in the tissue having the lowest oxidative capacity (in terms of Complex I 
activity). In white muscle, 208 proteasomc also displays positive relationship with 
antioxidant enzyme CAT and G8H concentrations (only at 12 oc) . In contrast, 
a negative relationship is observed with GSH concentration in the liver while no 
relationships arc observed with antioxidant enzymes in liver and heart. There 
is no obvious explanation for this discrepancy. This is, to my knowledge the 
first attempt to link 20S proteasome activity with mitochondrial and antioxidant 
enzymes activities. The data suggest that the protein degradation in white muscle 
is more susceptible to inter-individual variation of mitochondrial metabolism than 
heart and liver. Mitochondrial R08 production is thought to be significant only 
when respiration is inhibited by high membrane potential, which is observed 
during state IV conditions (Korshunov et al., 1997). This situation may occur in 
white muscle more than in heaJ.·t or liver, especially in a relatively inactive species 
like the wolffish. The relationship observed between antioxidant enzymes and 208 
protcasomc activities also suggest a link between mitochondrial R08 production 
but for now, this link should be regarded as mostly speculative. 
4.6 Conclusion 
The aim of the present study was to examine the effects of acclimation to cold and 
warm temperature on mitochondrial oxidative capacity, antioxidant defences and 
208 proteasorne activity in t;potted wolffish. Compensation of mitochondrial ca-
91 
4.6 Conclusion 
pacity following acclimation to cold temperatme was observed in heart and liver 
but not in the white muscle. There is no consensus in the data concerning the rela-
tionships between mitochondrial and antioxidant enzymes activities in the tissues 
studied unless that they tend to be positively related. Acclimation temperature 
had a very marginal effect on these relationships, if any. In no case was a neg-
ative relationship between activities of antioxidant and mitochondrial enzymes 
observed. Accordingly, it can be concluded that mitochondrial compcnsaLion 
follo·wing acclimation to low temperature is not always accompanied by compen-
sations of antioxidant enzymes as different tissues respond differently to the same 
treatment. Only two antioxidant systems were studied (CAT and glutathione 
system) and the inconsistencies observed within the three tissues highlight the 
need for further studies, including a wider variety of antioxidant systems and 
tissues. The relationships between 208 proteasome and mitochondrial enzyme 
activities suggest a tight connection between aerobic capacity and the need for 
protein degradation, at least in white muscle. \tVhether or not this connection is 
mediated by the need to degrade proteins that are oxidatively damaged by the mi-
tochondrial ROS production remains an open question. Alternatively, increased 
mitochondrial capacity could be a response to sustain the costs of replacing the 
proteins degraded by the proteasome. 
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Conclusion and perspectives 
Temperature has profound effects on physiological processe::; in ectothermic verte-
brates. Protein metabolism is no excP-ption; the effect: of temperature has mostly 
been studied with respect to protein synthesis. Temperature generally has a 
parabolic effect on protein synthe is with a maximum rate b ing observed at op-
timal growth temperature. Results of protein synthesis from the first experiment 
with juvenile ( r-v5 g) spotted wolffi.sh are in accordance with this general view. The 
rate of protein synthesis was lower at 4 oc than at 8 oc while it was intermediate 
at 12 °C. The effect of temperature ou protein degradation was aud ::;till is poorly 
understood. 208 proteasorne activity i::; mainly responsible for the degradation of 
short-lived and oxidatively mortified proteins and has been recently idrntifird as 
a potentially good proxy for protein degradation in fish. Again, the results of the 
first experiment are in accordance with this concept as, despite the decrease of 
protein synthesis at low temperature, the activity of 208 proteasorne activity was 
maintained high in fish acclimated at lower temperature (4 °C) and correlated 
negatively with specific growth rate. To understand if this elevated activity of 
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20S proteasome was a response to an increased level of protein oxidation at cold 
temperature, the oxidative stress markers TBARS and carbonyl-protein content 
were measured, along with the concentration of the antioxidant GSH. TBARS 
and carbonyl-protein concenLraLions did not change among temperature groups 
but reduced glutathione concentration was significantly higher in cold acclimated 
fish, suggesting a higher antioxidant capacity in this group. The data suggest 
that lower growth rate in cold temperature results from both high 208 protca-
some activity and a reduced rate of protein synthesis. 
The second experiment expanded the inquiry to a. wider range of fish mass 
and used a multi-tissue approach to study the relationship between SGR and 
20S proteasome activity in heart ventricle, liver and white muscle tissue. Fish 
were acclimated at 4 and 12 °C in order to determine if protein degradation 
via the proteasome pathway could be imposing a limitation on somatic growth 
in fish. The growth data showed a sharp decrease of optimal temperature for 
growth with increasing mass from approximately 10 to 7 oc for fish of 5 and 
150 g, respectively, without auy important decrease in fish bigger than 150 g. 
From the results of the first experiment, it was expected that the acLivity of 208 
proteasome would be higher in fish acclimated at cold temperature but this was 
not the case. The reduction of the thermal optimum for growth with increasing 
fish mass suggests that there might be a reduction of the interference from the 
208 proteasome on protein accretion as fish grow bigger, which could explain 
the discrepancies between the results of the two experiments. The white muscle 
20S protea.:;ome activity is negatively correlated to SGR (partial Pearson'~ r = 
-0.609) in fish acclimated at cold temperature (4 °C) while no relation was ob-
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served at, 12 ac. The ea:perimenfal design did not include the food consumption 
of the fish as all variables were measuTed in individual animal and it is vir·tually 
impossible to measure food consumption of individuals. McCar·thy et al. {1 998 
and 1999) showed that, in Atlantic wolfish. food consumption incTeases with tem-
pemtnTe. AccoTdingly, at cold tem.pemture wher-e food consumption and pmtein 
syntheS'is aTe lower, a loweT mte of pmtein turnoveT should be c:r:pected. It ap-
pem·s not to be Uw case in the ji·rst experiment as the activity of zOS pmleasouw 
r-emained elet atcd. In the second e1:periment, the effect of tempemture on 20S 
pmtensorne activity di.ffeTs among tissues as only in the liver was an incr·ease of 
20S pmteasome activity observed with incTeased tempemture. It is very diffirult. 
to distinguish the effect of tempemture and the eflect of food intake as they are 
intimately related. Nevertheless, the results from the first two experiments sug-
gest that the action of 208 protcasornc impairs the accretion of proteins in white 
muscle following acclimation to cold temperature. 
To te t whether the impairment, of protein accretion by 208 proteasome is 
a result of enhanced mitochondrial capacity following acclimation to cold tem-
peratnrr , t.hr third cxpcrimrnt. docnmentcd th<' effects of acclimation to low and 
high temperat ure ( 4 and 12 a c) on mitochondrial and antioxidant capacities in 
white muscle, heart ventricle and liver. The relationships between mitochondrial 
and antioxidants enzymes and 208 proteasome activities were examined. Fol-
lowing an acclimation period of 51 days, mitochondrial capacities were measured 
as the activities of Complex 1 of the mitochondrial electron transport system 
(CPLXI) and cit rate synthase (CS). Glutathione disulfide reductase (GR) and 
catalase (CAT) activities as well as glutathione content were a lso measured to 
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estimate antioxidant capacities. Following acclimation at cold temperature, mi-
tochondrial activities of heart ventricle and liver were positively compensated 
while no compensation was observed in white muscle. The Ia k of compensation 
of the mitochondrial capacities has previously been observed and attributed to 
various reasons (species, strain or technical considerations) . In this case, it is 
sugge~.>tecl that the lack of compensation in •vhite muscle is a result of the low 
level of swimming activity of the ·potted wolilish. 
The pattern of antioxidant enzyme activities and GSH concentrations differed 
in the three studied tissues following acclimation to high and low temperatures. 
At cold temperature, GR activity was clearly increased in liver while only a 
marginal (but still significant) increase was observed in heart and white muscle. 
At high temperature, CAT activity wa~.> increased in heart and whiLe muscle but 
CAT remained elevated at both a clirnation temperatures in liver. GSH con-
centration was unaffected by acclimation temperature which contrasts with the 
results of the firl>t experiment. Agaiu , this divergence may be a result of on-
togenic changes between fish of 5 g (Chapter 2) and > 150 g (Chapter 3). The 
relationships between the activity of mitochondrial and antioxidant enzymes were 
examined in the three tissues. ln the liver and white muscle, a number of positive 
relationships (some marginal) were observed while none were observ d in heart. 
GSH concentration is shown to be positively correlated to CS activity in heart 
but not in liver or white muscle. These observations led to the conclusion that 
tissues may use different antioxidant strategies in response to high or low temper-
ature acclimation and call for more work in order to elucidate the relationships 
between mitochondrial and antioxidant capacities. 
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The relationships between 208 protea.some and mitochondrial enzyme activi-
ties suggest a connection between aerobic capacity and the need for protein dcgTa-
dation , at least in white muscle. Whether or not this connection is mediated by 
the need to degrade proteins that arc oxidatively damaged by the mitochondrial 
R08 production remains an open question. Alternatively, increased mitochon-
drial capacity could be a response to sustain the costs of replacing the proteins 
degraded by the proteasome. VVhatever the direction of the relationship the ma-
jor finding of this third experimmt is that inter-individual variation of oxidative 
capacities is related to that. of the 208 proteasome activity and, by extension, 
on the protein metabolism in the white muscle of spotted wolffish. Whether this 
observation can be generalized to other fish species is unknown. As mentioned 
before because wolffish species display very low spontaneous swimming activity, 
the energetic requirement of their skeletal muscle for activity is minimal. This 
phenomenon may exacerbate the relationships between their oxidative capacitie. 
and protein metabolism. Accordingly, these species constitute an excellent model 
for this type of studies but whether these observations hold true in more active 
fish spedcs remains to be t.estC'cl . IntNcst.ingly, Dobly et al. (2004) found a neg-
ative relationship between the hepatic activity of 208 protcasome and growth 
efficiency in rainbow trout. These authors did not observed such a relationship 
in the muscle; unfortunately they did not mention what type of muscle fibre was 
studied (red or white). Nevertheless, these results warrant further investigation 
on the relationship between inter-individual variability of oxidative capacity and 
that of protein metabolism and food conversion efficiency (FCE). If higher ox-
idative capacities arc associated with a higher rate of protein degradation, this 
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should necPssarily impair protein synthesis retention efficiency a.nd FCE. Such 
types of studi 'S would contribute Lo our understanding of the ontogeny of gTOwth 
processes in cold water fish species and generate valuable information for the field 
of aquaculture research. 
ln the ftrst chapter, the rate of incorporation of phenylalanine into protein~:> 
was used to compare the ra.Le of protein synthc~:>is between acclimation groups. 
This methodology had been successfully applied to study the effect of seasonal 
acclimation/temperature on the rate of protein synthesis in cod (Treberg et al, 
2005) and cunner (Lewis and Driedzic, 2007). This procedure is reasonably accu-
rate to allow for the comparison of the rate of protein synthesis between groups of 
fish. However it does not allow for the calculation of the fractional rate of protein 
synthesis (Ks as %-day- 1) and the estimation of Kd from the difference between 
Ks and Kg. This decision was made following practical considerations: 1) it docs 
not require the usc of expensive enzymes for the conversion of phenylalanine to 
phenylcthylamine, and 2) the yield of this reaction is generally poor and thus 
involves a great loss of the label, reducing the overall sensitivity of the method. 
rt1rLhcrmore, I have no reason to believe that the protein content of phenylala-
nine would change in relation to acclimation temperature and accordingly there 
is no obvious reasons to correct for it. The conversion of phenylalanine to tyro-
sine is the normal pathway of phenylalanine oxidation and, as such, it is possible 
that some of the counts obtained in both the free pool and protein-bound pool 
were actually from tyrosine. However, it must be pointed out that, given the 
massive concentration of phenylalanine injected in the fish, the concentration of 
labelled tyrosine in the free pool protein-bound pool should be marginal. In the 
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future, the usc of the method described in the supplement section will allow for 
the calculation of Kd from the difference between Ks and Kg and allow for the 
comparison between the activity of 208 protcatomc and estimated K d. 
For the second and third experiments, it would have been extremely interest-
ing to obtain protein synthet>is data along with 208 protcasomc activity in order to 
have a better picture of protein metabolism in the fish acclimated at different tem-
peratures. It was not possible to obtain this information as the facility where the 
fish were maintained was not certified for radioactive work. Accordingly. to avoid 
this sort of limitation in the future, a t>implc method was devised to measure the 
fractional rate of protein synthesis in fish using the stable isotope labeled tracer 
(ring-D5-L-phcnylalaninc) instead of radioactive phenylalanine. The method pre-
sented in the following supplement section takes advantage of the increasingly 
available technology of liquid chromatography with tandem mass spectrometry 
detection (LC-M8MS). The technique was used to measure the fractional rate of 
protein synthesis in the gills of goldfish ( Carra.ssius auratus). The obtained Ks 
was validated by comparing it with pr 'viously published Ks for goldfish under 
the same conditions. It was not possible to measure Ks in the same animals 
using both the radioactive and stable isotope methods for two reasons: 1) I was 
not allowed to use radioactive sampled in the LC-MS, and 2) the usc of tritiated 
phenylalanine would introduce a third phenylalanine mass: unlabelled phenylala-
nine (mass = 165 g·mol- 1), L-[2,3,4,5,6-2H]phcnylalanine (mass = 170 g·mol- 1) 
and L- [2,3,4,5,6JH]phenylalaninc (mass = 175 g·mol- 1 ), adding an undue com-
plexity to the method. Accordingly, the comparison of the obtain Ks with that 
from the litteraturc should be considered just as good as the comparison of data 
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obtained from different animals and different techniques. The modified technique 
gives results comparable to the radioactive one, requires f •wer steps compared to 
previously available procedures, and allows studies on fish protein mcta.bolism to 
be carried out. in situations where the usc of radioactivity is not. possible such as 
in free-living animals. 
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6 
Supplementary material: Measurement of protein synthesis in fish 
tissues with non-toxic stable isotopes 
This material iH submitted for publication in the Transactions of the American 
Fisheries Society. 
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6.1 Abstract 
6.1 Abstract 
A simple method was devised to measure the fractional rate of protein . ynthesis 
in fish u ·ing the stable isotope labelled tracer (ring-D5 1-phcnylalanine) instead 
of radioactive phenylalanine. The method takes advantage of the increasingly 
available technology of liquid chromatography with tandem rrmss :c;pccLrom.cLry 
detection (LC-MSMS). The technique was validated by measuring the fractional 
rate of protein synthesis in the gills of goldfish ( Carmssi'Us aumt·us). The values 
obtained wPre within t.he published range for fish gills. The modified technique 
requires fewer steps compared to previously available procedures and allows stud-
ies on fish protein metaboli ·m to be carried out in situations where the use of 
radioactivity is not possible such as in free living animals. 
6.2 Introduction 
Growth is a fundamental process in all living animals. The tissue protein pool 
is in constant staLe of renewal with proteins entering the pool via. synthesis and 
being removed via degradation (Fraser et al., 2002). Tissue growth is insured 
through accumulation of a proportion of newly synthesized proteins. ln the pro-
cess of undersLanding animal growth, the rate of protein synthesis is, therefore, a 
key clement and many techniques to evaluate it are available. Over the last three 
decades, the rate of protein synthesis in fish has been mostly evaluated using the 
flooding dose method of Garlick et al. (1980). This procedure involves the in-
jection of a large dose of L-(4-3H)phenylalanine (radioactive phenylalanine) and 
the subsequent determination of radioactivity incorporated into the protein pool. 
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This method provided a large advantage over earlier protocols in that it enabled 
the measurement of the fractional rate of protein synthesis relatively quickly and 
in a cost-effective way (Garlick et. al. 1980; Fraser and Roger·, 2007). However, 
iLs major disadvantage is thai it requires the usc ofradiolabcl d trnccr that limits 
its usc to controlled isotopic laboratories. Methods u. ing stable isotopic tracers 
in fish have been previously described but most of them are based on a com-
pletely different and more complex methodology, such as the ::;tochastic endpoint 
model (Fraser and Rogers, 2007). In this approach, the animal is fed a known 
amount of isotopic (15N) amino acid and the excretion of the oxidized amino acid 
i::; tracked, mainly in the form of 15 -ammonia in aquatic organi::;ms (Carter et 
al. , 1994; Carter et al., 1998) . This method presents several advantages over the 
flooding dose method in that it uses stable isotopes, it is less invasive, and it uses 
longer term measurements and tracer dose of labelled amino acid (in opposition 
to a flooding dose) which probably makes it a more accurate method compared 
to the flooding dose technique. Nevertheless, the disadvantages arc that it only 
enables the mca..c;urement of whole body protein synthesis, it requires burdensome 
laboratory analysis since the isotopic enrichment of ammonia is measured in th ' 
water, it requires the distillation of large volumes of water and, finally, it ne-
cessitates the estimation of isotope consumption, usually via X-ray radiography 
(Fraser and Rogers, 2007) . Because this method measures the specific enrich-
ment of excreted ammonia, it also must be used in tightly closed systems to avoid 
losses of tracer and, as such, is inappropriate for field studies. The flooding dose 
method has previously been modified for the use of 15N-amino acids (Krawiclitzki 
and Schadcrcit, 1992; Owen et al., 1999) . Despite that this modification of the 
flooding dose technique allowed its usc outside the laboratory, it has rarely been 
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used because of the general perception of being costly and very complicated. This 
study describes a flooding dose technique using stable isotope labelled amino acid 
that is cost effective, simple and accurate. The technique involves the injection of 
ring-D5-phenylala.nine (D5-PHE) and, following an incorporation period of a few 
hours, the detection of the specific enrichment of both the free amino acids and 
the protein pool using high performance liquid chromatography and detection 
with tandem ma::;s spectrometry (HPLC-MSMS), without the need for derivati-
zation of the amino acid. The methodology is straightforward and necessitates 
only a few steps compared to previously described procedures (Krawieli tzki and 
Schadcrcit, 1992; Owen et al., 1999). The method was validated by a time series 
experiment on goldfish ( Carassius anmt·us) gills and subsequent comparison with 
the data available from the literature. The choice of gills was motivated by their 
relatively high rate of protein synthesis (Carter et al. , 1998; Fraser and Rogers , 
2007). The method fulfilled the assumptions of the flooding dose technique, gave 
results similar to those published, and may be used for different organs or whole 
body protein synthesis. 
6.3 Materials and methods 
6.3.1 Fish injection and sampling 
The experiment consisted of a time trial and was designed to validate the usc 
of LC-MSMS to measure the incorporation of deuterium-labelled phenylalanine 
(D5-PHE) in the protein pool. Goldfish were obtained from a local pet shop and 
held in the animal care facility of Universite du Quebec a Rimouski (Quebec, 
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Canada) for a week prior to the beginning of the experiment. Fish were main-
tained in a 75 L aquarium, fed daily, temperature was maintained at 21 oc and 
pH, ammonium, nitrite and nitrate were monitored daily using commercial kits 
(Hagen Canada). Food was withdrawn 24 hours prior to the experiment. Nine 
goldfish with an average weight of 3.03 g received an intra-peritoneal injection 
of a 150 rnM solution of phenylalanine containing 50% D5-PHE at a dosage of 1 
ml · 100 g- 1. The injection solution consisted of (in mM) 75 1-phcnylalaninc, 75 
ring-D5 L-phenylalaninc (98%, Cambridge Isotope Laboratories, Inc. Andover, 
MA, USA) , 150 NaCl, 5 KCl, 5 aP0 4 , 2 CaCh, 10 NaHC0 3 , 2.0 N~HP04 , 1.0 
MgS04 , 5 0 -glucosc, and 5.0 HEPES at pH 7.6. Fish were randomly assigned 
to 3 groups of different incorporation time (3 fi sh per incorporation period, 60, 
180 and 320 minutes). Two fish were not inject ed and used as controls. After 
the incorporation period, the fish were stunned by a blow to the head and killed 
by severing the spinal cord. The abdominal cavity was immediately exposed and 
copiously rinsed >vith distilled water to wash off the unabsorbed tracer. The two 
first gill arches of both sides of the fish were dissected, washed in distilled water 
and immediately frozen on dry icc and stored at -80 °C until further laboratory 
analysis. 
6.3.2 Tissue homogenisation and sample preparation 
Approximately 75 mg of frozen gill tissue was homogenised in 1 ml of 0.2 M 
ice-cold perchloric acid (PCA). The homogenizer was washed with 1 ml of 0.2 
M ice-cold PCA that was then combined with the homogenate and following an 
incubation period of 10 min on icc, the homogenate was centrifuged at 15,000 
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g for 5 min at 4 °C, to precipitate the protein. The supernatant was saved as 
it contained the free pool of amino acids. The protein pellet wa::; washed three 
times by resuspending it in 1 ml of 0.2 l\1 PCA, ineubating on icc for 10 min and 
centrifuging for 10 min at 15,000 g. The protein pellet was then dissolved in 2 ml 
of 0.3 M NaOH (approximately 1 hour at 37°C) to resolubilize the protein. A 1.1 
ml sample was withdrawn in order to measure protein concentration then 0.867 
ml of 20 % PCA was added Lo the remaining solution and centrifuged 10 min 
at 15,000 g to precipitate the protein once more. The pellet was washed twice 
as before; then the protein pellet was hydrolysed in 6 ml of 6 N HCl at 110 oc 
for 18-24 hours to yield the constituent free amino acids. The hydrolysate was 
freeze dried and stored at -80 oc until further analysis. Immediately before the 
LC-MSMS analysis, the samples were dissolved in 5 ml methanol (HPLC grade), 
filtered through a 0.2 pm cellulose acetate syringe filt er and subsequently diluted 
1/10 in methanol. 
6.3.3 Liquid chromatography and quantification 
The system consisted of a Surveyor LC pump and Autosarnpler coupled to a LCQ 
Advantage mass spectrometer (ion trap) from ThcrmoFinnigan (Waltham, MA, 
USA); Xcalibur@ software (revision 1.3) was used to control the system, acquisi-
tion a.nd process data. Analysis of phenylalanine and D5-PHE was performed on a 
Discovery C18 column (50 mm x 2.1 mm, 5pm) from Supclco (Sigma-Aldrich , St-
Louis, USA) with isocratic elution at 0.5 ml min- 1 with methanol:formic acid in 
water at 0.1% in 90:10 proportion as mobile phase. The column temperature was 
maintained at 30 oc a.nd the volume of injection was 10 pl in the full loop mode. 
106 
6.3 Materials and methods 
Samples were kept at 20 oc in the autosampler. Quant.ifiration was performed 
with a four point calibration plot and the ::;tandard solution::; were imbedded in 
each sequence of analysis: from 0 to 15 pg ml- 1 for both phenylalanine and from 
0 to 0.15 ]lg ml- 1 for D5-PHE. 
6.3.4 Mass spectrometry 
The ionisaLion was performed through an atmospheric pressure chemical ion-
ization (APCI) with operating conditions summarised in Table 6.1. The mass 
spectrometer was operated in positive ion mode with selective reaction monitor-
ing Iv1S-MS detection with the fragmentation transition (ma::;s-to-chargc ra.tios of 
the parent ion to the product ion) mjz 166 --+ 120 for phenylalanine and m/ z 171 
--+ 125 for D5-PHE (Figure 6.1) , with collision energy at 25V. 
Table 6.1: APCI-MS operating conditions. 
Parameter 
Vaporizer temperature (0 C) 
Capillary temp. (0 C) 
Sheath gas flow, N 2 
Auxiliary gas flow, N2 
Source voltage (kV) 
Source current (Jl.A) 
Capillary voltage (V) 
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value 
400 
160 
76 arbitrary units 
4 arbitrary units 
6 
5 
3 
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Figure 6.1: Mass spectrum of phenylalanine (A) and ring-D5 phenylalanine (B) 
obtained from MSMS analysis. 
6.3.5 Calculations and statistical analysis 
Fractional rate of protein synthesis ( Ks, % protein synthe::;ized per day) in gill 
was calculated from D5-PHE enrichment of the protein pool (Sb = D5-PHE/total 
phenylalanine in hydrolysed protein pellet) and free amino acid pool (Sa = D5-
PHE/total phenylalanine in 0.2 M P CA supernatant) according to the equation 
of Garlick et al. (1980); J(s (% clay-1) = (Sb/ Sa) x (1440 jt) x 100, where t 
was the incorporation time in minutes and 1440 is used to convert from minutes 
to clays (60 min x 24 hrs = 1440). Regression analyses were performed using 
Systat 11 (Systat inc.) as described in Zar (1999). 
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6.4 Result and discussion 
With an analytical method based on mass spectrometry, detection of the signal of 
each compound is very specific and complete chromatographic separation of the 
phenylalanine from other compounds in Lhe matrix is not necessary. The deuter-
ated aromatic ring in the phenylalanine molecule results in a molecular mass 5 
units higher Lhan the molecular mass of phenylalanine, 170 vs 165, respectively. 
In the mass spectrum this translates to a fragmentation pattern, with the ion 
resulting from the loss of the carboxylic group as the most intense ion, and allows 
unequivocal identification of phenylalanine (m/z = 120) and D5-PHE (m/z = 
125) with MSMS analysis (Figure 6.1). Higher selectivity is achieved with the 
selective reaction monitoring mode (SRM) of the mass spectrometer; in this mode 
the pseudo-molecular ion [M+ H] + of each compound is isolated alternatively and 
only the product ion of interest is detected. The transition for phenylalanine is 
m/z 166 -7 120 and for D5-PHE is m/z 171 -7 125. The signal in SRM mode is 
thus very specific for each compound with very low background from Lhe matrix. 
As an example, the chromatogram for phenylalanine and D5-PHE extracted from 
the protein pool of the gills of a fish following an incorporation period of 325 
min is illustrated in Figure 6.2. The retention time of each compound is similar 
at 0.83 minute, but since the signal is specific to each SRM transition, adequate 
quantification can be achieved. 
Following the flooding dose injection, D5-PHE enrichment of the free pheny-
lalanine pool (D5-PHE/total phenylalanine) was 42.49 ± 4.87 % and remained 
elevated and stable throughout the time course (Figure 6.3). Accordingly, the 
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Figure 6.2: Liquid chromatograms showing the abundance of phenylalanine and 
ring-D5-phenylalanine in the protein pool of a goldfish after 325 min following the 
injection an amino acid solution. Upper trace corresponds to the signal from the 
SRlvi transition 166 --+ 120 for phenylalanine; lower trace corresponds to the signal 
from the SRM transition 171 --+ 125 for ring-D5-phenylalanine. 
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slope of Sa in relation to incorporation time was not significantly different from 
0 (r2 = 0.004, n = 9, p = 0.87, Figure 6.3) . The free phenylalanine pool w~ on 
average 11.6 times higher in the fish injected with the tracer solution compared 
to the control fish (Table 6.2). Finally, the incorporation of Lhe labelled pheny-
lalanine was linear over time. The equation of the linear regression was sb = 
2.3 X 10- 5 (± 5.0 X 10- 6 ) X t + 0.002 (± 0.001) , (r2 = 0.78, Il = 7, p < 0.01 , 
Figure 6.3). The intercept of the regression was not significantly dii-rerent from 
zero indicating that the flooding by the phenylalanine equilibrated rapidly with 
the free amino acids pool and that labelling of gill proteins started quickly after 
the injection. After 60 min of incorporation, the specific enrichment of the gill 
proteins could only be measured in one animal, the two other being below the 
limit of detection. Nevertheless, D1;-PHE incorporation in the protein pool could 
be measured in all fish when incorporation time was 3 hours or longer. 
The fractional rate of protein synthesis for the three time periods following 
injection of amino acid were 20.52 (n = 1), 10.39 ± 0.93 (n = 3) and 9.48 ± 2.01 
% day- 1 (n = 3) for the 60, 180 and 325 min incorporation, ret;pectively. There 
was no clitierence between mean synthesis rate measnrccl for 180 and 325 min 
incorporation groups. However, the synthesis rate measured after 60 minutes of 
incubation was twice as high as compared with the two other groups, and is most 
likely inaccurate. Since the enrichment of the precursor pool remained stable for 
at lca.st 5 hours, it is thus advisable and more accurate to usc longer incorporation 
periods (Foster et al. , 1992; Owen et al., 1999). 
Since phenylalanine is the most commonly used amino acid tracer to measure 
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Figure 6.3: Enrichment (D5-PHE/total phenylalanine) of the gill free pool (Sa 
; open circles) and proteins (Sb : black circles) in goldfish following a single dose 
injection of 150 mM phenylalanine (containing 75 mM D5-PHE) to measure in vivo 
rates of protein synthesis. Each dot represents mean values ± SEM of three fish 
(except Sb at 60 min where specific enrichment could only be determined in one 
animal) . 
the rate of protein synthesis using the flooding dose uwthod in fish, the results 
of this study could be directly compared with the literature (Owen et al. , 1999; 
Carter and Houlihan, 2001). The rates of protein synthesis measured using D5-
PHE and LC-MSMS are within the range of previously published Ks for fish gills, 
which vary between 6 and 14% day- 1 for a wide variety of fish species (Carter et 
al. , 1998) . This method is thus suitable and accurate for measuring the fractional 
rate of protein synthesis in gills but also in different organs. As well, the method 
could be extended to whole body protein synthesis that varies between 0.9 and 
10.3 % day- 1 in juvenile hsh and between 13.5 and 106 % day- 1 in larval fish 
(Carter et al., 1998). When working with larval fish , au alternative to inject-
ing the labelled amino acici. is bathing the animals in a flooding concentration of 
amino acid (Houlihan et al., 1992). Again the stable isotope technique reported 
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here could be applied. 
Table 6.2: Data used for the calculation of the fractional rate of protein synthesi 
(ks) using ring-D5 phenylalanine and LC-MSMS in gill of goldfish ( Camssins an-
mtns ). T ime refers to the time following injection of the amino acid solution into 
the animal. Amino acid levels are expressed as li.g ·g- 1. 
Free pool Protein pool 
F ish Time Mass dphe phe Sa dPHE PHE Sb Ks 
(min) (g) (Jlg·g- 1) (M·g -1) (JLg·g- l) (~Lg ·g-1) (%day- 1) 
1 60 1.3 696.90 858.07 0.45 ND 164.14 ND ND 
2 63 4.2 580.88 665.52 0.47 0 .9~~ 221.66 0.0042 20.52 
3 66 1.4 906.42 1117.64 0.45 ND 301.63 ND ND 
4 186 4.8 505.02 622.56 0.38 1.09 207.38 0.0052 10.71 
5 187 1.4 732.52 977.67 0.43 1.46 256.05 0.0057 10.18 
6 190 3.3 416.84 538.94 0.32 1.45 243.98 0.0059 10.28 
7 321 4.3 819.74 924.55 0.47 2.50 283.60 0.0088 8.35 
8 325 1.3 798.59 983.40 0.45 2.97 252.19 0.0116 11.49 
9 329 5.3 332.97 458.34 0.42 1.51 181.51 0.0083 8.58 
10 control ND ND 120.16 ND ND 231.97 ND ND 
11 control ND ND 125.73 ND ND 250.32 ND ND 
In summary, the aim of this ::;tudy was to measure in vivo rate of protein 
synthesis in fish using the flooding dose t echnique and a stable isotope labelled 
amino acid (D5-PHE). The methodology described allowed for the determination 
of the specific enrichment in both the intracellular free amino acid pool and 
protein-bounded pool. The new method fulfilled the assumptions of the flooding 
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dose technique as shown by the rapid and maintained enrichment of the free 
amino acid pool and the linear incorporation of deuterated phenylalanine into 
protein over the incorporation period. An incorporation period greater than 1 h 
is recommended as the concentration of D5-PHE in Lhc protein pool after 60 min 
incorporation was below the limits of the presented methodology. The method 
gave re~mlts similar to those available in the literature based on studies with 
radioisotopes. It. requires fewer Btcps compared to previously reported methods 
and may be used for a variety of organs or whole body protein synthesis. The usc 
of stable isotope instead of radioactive tracer is advantageous as it is portable in 
situations where radioactivity is not an option such as in teaching laboratories 
and field studies. Indeed, it should be possible t.o measure protein Bynthesis in 
free-swimming fish in situations where the sample animal may be tagged and 
recaptured such is in aquaculture cages, tidal pools, or in species with limited 
movement over a period of approximately 3 hours. 
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List of abbreviations 
AN COY A 
AN OVA 
APCI 
ATP 
CAT 
CI 
cox 
CPLXI 
CPT 
cs 
Ds-PHE 
DNA 
DTNB 
EDTA 
FQRNT 
GLl\1 
G_max 
GR 
GSH 
GSSG 
HE PES 
HPLC-MSMS 
Kd 
Kg 
Ks 
LC-MSMS 
LLVY-AMC 
mCB 
analysis of covariance 
analysis of variance 
atmospheric pressure chemical ionization 
adenosine triphosphate 
catalase 
confidence interval 
cytochrome oxydase 
complex I 
palmitoyl carnitine transferase 
citrate synthase 
deutcrated phenylalanine 
dehydroxyribonucleic acid 
dithionitrobenzoic acid 
ethylencdiaminetetraacetic aeid 
Fond Quebecois pour la Recherche en Natme et Technologies 
general linear model 
maximal growth rate 
glutathione reductase 
reduced glutathione 
glutathione dissnlfide 
4- ( 2-hydroxyethy 1 )-1-piperazineethanesulfonic acid 
sec LC-MSMS 
fractional rate of protein degradation 
fractional rate of protein growth 
fractional rate of protein synthesis 
liquid chromatography with tandem mass spectrometry detection 
N-Succinyl-Lcu-Leu-Val-Tyr-7-amino-4-mcthylcoumarin 
monochlorobimane 
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MDA 
mRNA 
PBS 
PCA 
PFTE 
PSR.E 
Qw 
RNA 
ROS 
R.P 
Sa 
Sb 
SD 
SDS 
SGRl 
SGRw 
SR.M 
SSA 
TBAR.S 
TCA 
TEA 
TO'pts,qr 
UPP 
malonedialdehyde 
messenger RNA 
phosphate buffer saline 
perch loric acid 
Teflon 
protein synthesis retention efficiency 
temperature coefficient 
ribonucleic aeid 
reactive oxygen species 
regulatory partide 
free amino acid pool enrichment 
protein pool enrichment 
standard deviation 
sodium clodecyl sulfate 
specific growth rate (in length) 
specific growth rate (in weight) 
selective reaction monitoring 
spontaneous swimming activity 
thiobarbituric acid reactive sub::;tance 
trichloroacetic acid 
triethanolamine 
optimal temperature for specific growth rate 
ubiqui tin proteasome pathway 
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